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SUMMARY 


As  investigation  was  conducted  to  determine  the  airflow  characteristics 
in  the  vicinity  of  a model  helicopter  to  determine  representative  flow  velo- 
cities at  the  rocket  trajectory  and  wind  sensor  locations  of  a hovering  Army 
AH-IG  "Cobra"  lielicopter.  Laser  velocimetry  and  flow  visualization  techniques 
were  applied  to  provide  flow  velocity  and  wake  geometry  data  for  correlation 
with  theor>'  and  for  a systematic  determination  of  the  total  and  separate 
influence  of  each  of  the  aircraft  components  (rotor,  fuselage,  and  wing),  and 
significant  operating  condition  parameters  (rotor  thrust,  tip  speed,  and  ground 
effect)  on  the  airflow  influencing  rocket  trajectories.  In  addition,  the  flow 
velocities  at  potential  locations  for  a fire  control  system  wind  sensor, 
mourited  on  the  aircraft,  were  determined  to  assist  in  identifying  wind  sensor 
locations  for  accurately  measuring  flow  velocities  at  hover. 


Time-averaged  and  peak-to-peak  values  of  flow  velocity  components, 
measured  with  a laser  velocimeter  (LV),  are  presented  and  compared  for  the 
model  test  configurations  and  conditions.  Also,  the  cyclic  time-variant  flow 
velocities,  related  to  blade  azimuth  position,  are  presented  for  points  on  a 
rocket  trajectory  for  the  reference  model  AH-IG  configuration  and  condition. 
The  measured  model  flow  velocities  are  scaled  to  representative  full-scale 
values,  and  the  applicability  of  scaling  procedures  to  rotor  thrust  and  tip 
speed  variations  is  demonstrated.  Rotor  wake  theory  was  applied  to  selected 
model  and  full-scale  configurations  and  conditions.  The  predicted  flow  velo- 
cities are  compared  with  LV  test  data  and  used  in  combination  with  wake 
geometry  data  for  interpretation  of  the  airflow  results.  The  location  of  the 
rotor  wake  (particularly  the  tip  vortices  at  the  wake  boundary)  relative  to 
the  rocket  trajectories  and  wind  sensors  is  shown  to  be  a major  determinant 
of  their  flow  velocities.  The  presence  of  either  the  fuselage,  modified 
canopy,  or  ground  is  shown  to  produce  significant  flow  velocity  increments; 
however,  the  influence  on  the  rocket  flight  trajectory  and  resulting  aim 
bias  requirements  remain  to  be  determined  from  a separate  aeroballistlcs 
investigation. 
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INTRODUCTION 


The  accurate  determination  of  the  flow  field  in  the  vicinity  of  a 
helicopter  is  required  when  a helicopter  is  used  as  a weapons  platform. 

Since  a free-flight  projectile  such  as  a rocket,  when  fired  from  a heli- 
copter, initially  travels  at  a speed  which  is  the  same  order  of  magnitude 
as  the  flow  velocities,  the  flow  field  induced  by  the  rotor  wake  system  can 
have  a significant  effect  on  the  rocket  trajectory.  This  can  necessitate 
some  form  of  aiming  compensation  or  special  firing  techniques — particularly 
at  the  low  helicopter  flight  speeds  at  which  rockets  are  to  be  fired  in 
accordance  with  current  Army  nap-of-the-earth,  tactical  concepts.  The 
shortage  of  information  on  helicopter  airflow  and  its  influence  on  free 
flight  rockets  for  the  purpose  of  achieving  an  effective  fire  control  is  a 
major  concern  of  the  Army,  as  stated  in  Ref.  1.  Current  Army  doctrine 
calls  for  employment  of  helicopters  such  as  the  AH-1  and  the  AAH  in  hover, 
pop-up, and  terrain  flying  modes.  The  requirement  for  investigation  of 
rocket  aerodynamic  interference  for  helicopters  operating  in  such  modes  and 
recommendations  for  such  investigation  are  well  documented  in  the  Army 
Missile  Command  memo  (Ref.  l),  included  herein  as  Appendix  A.  The  require- 
ment is  also  discussed  in  the  Proceedings  of  the  Conference  on  the  Effects 
of  Helicopter  Downwash  on  Free  Projectiles  (Ref.  2),  particularly  in  the 
presentations  of  Army  representatives  Marner  (Ref.  3),  Morse  (Ref.  it),  and 
Bergman  (Ref,  5). 

To  assess  the  influence  of  the  rotor/wake  flow  field  on  the  flight 
path  of  a 2.75  inch  rocket  fired  from  the  Army  AH-IG  (Cobra)  helicopter 
when  hovering  or  flying  at  low  forward  speeds,  an  analytical  investigation 
was  performed  at  the  United  Technologies  Research  Center,  UTRC  (formerly 
the  United  Aircraft  Research  Laboratories),  to  predict  the  induced  flow 
velocities  at  the  rocket  trajectories.  UTRC  computer  analyses  which  have 
the  capability  to  calculate  tip  vortex  geometry  and  rotor  wake  induced 
velocities  were  used  to  calculate  the  time-averaged  and  time-varying 
(instantaneous)  induced  flow  velocities  along  the  rocket  trajectories  for 
helicopter  flight  speeds  of  0,  15,  and  30  kts.  The  results  of  this  investi- 
gation were  reported  in  1975  in  the  following  reference  (Ref.  6); 

Prediction  of  Rotor  WaEe  Induced  Flow  Velocities  Along  the 
Rocket  Trajectories  of  an  Army  AH-IG  Helicopter,  by 
A.  J.  Landgrebe  and  T.  A.  Egolf,  United  Technologies 
Research  Center,  U.S.  Army  Picatinny  Arsenal  Technical 
Report  *4797,  March  1975. 
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The  results  were  presented  on  Au^'ust  12,  1975  at  the  Conference  on  the 
Effects  of  Helicopter  Downwash  on  Free  Projectiles,  organized  by  the  U.3. 
Army  Aviation  Systems  Command,  and  summarized  in  a paper  entitled  "Rotor 
Wake  Inuucc  i Flow  Along  Helicopter  Rocket  Trajectories"  (Ref.  7).  Since 
this  invest Lgation  was  the  immediate  forerunner  of  the  investigation 
reported  iierein,  the  summary,  conclusions,  and  recoirariendations  from  Ref,  7, 
which  are  the  same  as  those  of  Ref.  6,  are  included  as  Appendix  3. 

Tlie  ind  iced  velocity  results  from  this  investigation  have  been  used  by 
Wasserraan  in  a trajectory  analysis  at  the  Army  Picatinny  Arsenal  to  pre- 
dict the  influence  of  the  aerodynamic  interference  of  the  rotor  wake  oii 
rocket.  ; rajectories  (Ref.  8).  It  was  coticluded  that  this  influerice  is  sig- 
nificant and  must  be  compensated  for  when  establishing  aiming  techni'iues. 
Tliic.  conclusion  lias  been  substantiated  in  Army  flight  tests  such  as  those 
rt'porte  i for  the  UH-1  and  the  AH-1  in  Refs.  9 and  10. 

Although  the  analytical  investigation  provided  a significant 
:uriount  of  it;  for.mation  regarding  induced  velocities  aloi;g  the  AH-IG  rocket 
trajectories,  it  was  limited  in  scope  to  three  flight  conditions,  and  the 
interference  effects  of  the  fuselage,  wing  and  ground  on  the  pro  iicted 
velocities  were  not  included.  It  was  concluded  that  model  helicopter 
testing  should  be  conducted  to  provide  systematic  experimental  data  for 
correlat:  ion , investigation  of  otner  operating  conditions  and  neglected 
inter fei-ence  effects,  and  determination  of  wind  sensoi-  locations.  It  was 
tlius  suggested  that  the  model  hovering  and  wind  tunnel  facilities,  and 
exper imental  flow  measurement  and  visualization  techniques,  avai labie  at 
UTRC,  be  used  to  measure  the  flow  velocities  an>i  wake  boundaries  in  the 
regions  of  the  rocket  trajectories  and  potential  wind  sensor  locations 
and  to  compare  them  with  theoretical  predictions.  Model  rotor  flow 
measurement  using  .a  laser  veLocimeter  had  recently  been  demonstrated  at 
UmC  as  reported  iii  Ref.  il.  Teclmiques  used  at  UTRC  for  model  helicopter 
testing,  flow  visualiz-ation , and  theoretical  rotor  airflow  predictii  ns 
ha.i  previously  been  deveioi>ed  as  reported  in  Refs.  12  through  2 3. 
contract  (DAAA2i-76-C-0151 ) was  awarded  by  tlie  Army  Picatinny  Arsenal 
(now  the  U.S.  Ai’my  Armament  R&D  Command)  on  Mai’ch  1,  1978  to  use  the  UTRC 
model  rot.or  hover  test  facility  to  conduct  such  -an  Investigation  for  thc' 
hover  mod!,'  of  operation.  The  results  of  this  contract  invostig-ition  are 
reporte.i  herein.  An  additiotial  contract  (UAAG29-77-C-0013 ) was  awarde.i 
to  UTRC  by  the  U.G.  Army'  Research  Office  (with  t);e  c.. ’oporatioji  tlie 

Army  Armament  R&D  Command,  the  Army  Air  Mobil  it.y  Rcse-irch  and  U' 1 opment 
Lab  ir-itory , and  the  AiTiy  Missile  Command)  on  May'  25,  19Ti  t > ^xpaad  the 
exp''riment,.aL  investigation  to  the  low  ; peed  foi'ward  flight  mode  tv't-a- 
ti  :i.  The  tost  prof:ram  for  t.his  inviu't  ig,.'il  ioii  is  bc’iug  condict.’  i . ing 
U'M^C  wind  tunnel  facilities. 


The  objective  of  the  investigation  reported  herein  was  to  determine, 
through  an  experimental  program,  the  airflow  characteristics  in  the  vicinity 
of  a model  representative  of  the  AH-IG  "Cobra"  helicopter  at  zero  forward 
air  velocity  (hover).  Model  helicopter  hover  test  facilities  and 
experimental  flow  measurement  and  visualization  techniques  were  used  to 
measure  the  flow  velocities  and  rotor  wake  characteristics  in  the  regions 
of  rocket  trajectories  and  potential  wind  sensor  locations.  Schematics  of 
the  AH-IG  showing  rocket  trajectories,  tested  wind  sensor  locations,  and 
reference  axis  systems  used  in  the  investigation  are  presented  in  Figs.  I4 
and  5.  Model  rotor-fuselage-wing  testing,  application  of  laser  velocimeter 
techniques  to  measure  flow  velocities,  and  application  of  flow  visualization 
techniques  to  determine  wake  geometry  were  included  in  the  test  program. 

It  was  the  objective  of  the  experimental  program  to  provide  flow  velocity 
and  wake  geometry  data  for  correlation  of  theory  and  for  the  systematic 
determination  of  the  total  and  separate  influence  of  each  of  the  aircraft 
components  (rotor,  fuselage,  and  wing),  and  significant  operating  condition 
parameters  (aircraft  weight,  tip  speed,  and  ground  effect)  on  the  airflow 
influencing  rocket  trajectories.  In  addition,  the  measurement  of  flow 
velocities  at  and  in  the  vicinity  of  potential  locations  for  a fire  control 
system  wind  sensor,  mounted  on  the  aircraft,  was  included  in  the  require- 
ments of  the  experimental  program  to  assist  in  evaluating  wind  sensor  loca- 
tions for  accurately  measuring  flow  velocities  at  hover.  The  experimental 
data  is  also  intended  for  use  in  determining  the  aim  bias  necessary  for 
rocket  firings  at  hover.  In  addition  to  providing  rocket  trajectory  and 
wind  sensor  information,  analysis  of  the  test  data  was  directed  toward 
providing  information  on  the  fundamentals  of  hovering  helicopter  airflow 
and  wake  characteristics. 


DESCRIPTION  OF  TEST 


lU^DEL  HKI.rCOPTEH  HOVER  TEST  FACILITY 

'■.he  test,  prof'.'-an;  was  conducted  at  the  UTRC  Model  Helicopter  Hover 
■'.est  Facility.  Photottraphs  and  associated  schematics  of  the  I'acility  and 
equi[rr.ent,  as  used  in  this  test  program,  are  presented  in  Figs.  6 through 
I5.  As  shown  in  Fig.  6,  the  test  facility  consists  of  a model  helicopter 
test  rig,  flow  velocity  measureraerit  equipment  (laser  velociineter ) , flow 
visualisation  equipment,  and  a movable  ground  plane,  all  located  in  a large 
en'loseu  area.  The  test  control  area,  located  below  and  forward  of  tiie  tent 
aia'a,  is  shown  iti  Fig.  7-  The  model  rotor  test  rig  is  mounted  to  an  over- 
iiea ! s.jt'or'ing  sti'ucture  {Fig.  6)  such  that  rotor  thrust  and  torque  can 
be  ;:ieas  .re  i with  a strai n-gauged  load  cell  and  calibrated  bon  ling  beam, 
fmuke  : w v i sua . i zation  equipmer.t.  includes  a variable-position  si.’ioke  rak' 

\Fig.  ' , high  intensity  light,  sources,  and  c;imeras  and  electr  nic  ti.me- 
ielay  c .itrols  for  cynchroni zi ng  the  camera  and  lighting  system  to  the  rotor 
rotation.  Schiierei.  equipment  (Fig.  6),  consisting  of  a lig.ht  source, 
opti.'il  sy.ster;;,  anu  ca;;.eras,  is  also  available  for  recoi’ditig  rotor  tij'  vortc.- 
pa'*'to.-'r;s  on  fil.m.  A laser  velocimoter  system  was  installed  no  the  hover 
tost  r'acility  for  this  test  pr.gr.'im.  The  laser  velocimeter,  .ji'.owri  in  Figs. 

’>  an  i 10,  had  the  capability  for  .measuring  the  component  of  :'!  w velocity 

.:i  the  plane  normal  to  tlie  axis  of  the  emitted  laser  beams.  Tw  ■ ‘•empo.uent z 
cou!  i ‘to  measured,  one-at-a-time , by  rotation  of  the  optic.:.  Mca.surem'.u.t  0:' 
the  t.hird  component  relative  to  the  model)  was  achieved  by  !-ota*ioti  ■ r 

the  m 'uel. 

.cl  ■ ■•tig:.  oF  •■•cp.FL  HiLICOPTER  COMl’ONI- NT.' 

i'!  I' iei-  to  minimize  cost  and  time  I'equ  i rement , available?  n.>lel 
compenerte  were  selected  to  represent  ■'lie  Army  AH-iO  h ,i  icoji'.er . An  existii. 
l/btf.  .'vaie  /di-1'1  fuselage  model  was  loai.e  : hy  the  dovi.'riiii.cnt  fro!’.  the  Hell 
Heiiccpt'ir  Company  for  the  test  procrarr, . UTRC  provi  ie  i t.wo  n.oiel  rotor 
blades  an.l  an  cxist.ing  hub  system  t.  rep’-esent  t b.e  A'i-lU  rotor.  The  rotor 

•■dius  wa.:  Pb  . b in.  A phot  igraph  of  t hi'  model  used  to  siitulate  t ijo  AH-iC 

helicopter  ir.  presented  in  Fig.  fl. 


The  primary  model  rotor  design  values  are  compared  with  those  of  the 
full-scale  All-IG  rotor  in  Table  1. 

TABLE  1.  MODEL  AND  FULL-SCALE  ROTOR  DESIGN  VALUES 


Ful 1-Scale 

Available 

Ail-1  G 

Model 

Rotor  Radius,  R 

22  ft 

28.5  in. 

Blade  Chord,  c 

27  in. 

2.9>^  in. 

Aspect  Ratio 

9 . 78 

9.69 

NuiTiber  of  Blades 

2 

2 

Rotor  Solidity  Ratio,  o 

0 . o6yi 

0.0657 

Taper  Ratio 

1.0 

1 .0 

Linear  Twist 

-10  deg 

-8  deg 

Airfoil  Section 

modified 
NACA  0009 

NACA  0012 

Hub 

Teetering 

Articulated 
( flapping) 

Although  the  model  rotor  values  do  not  exactly  duplicate  the  full-scale  values, 
they  are  regarded  to  be  sufficiently  close  so  as  not  to  significantly  compro- 
mise the  accomplishment  of  the  objectives  of  the  experimental  program. 

The  rotor  parameters  of  most  significance  to  this  test  (number  of  blades, 
solidity  ratio,  aspect  ratio,  and  taper  ratio)  were  identically  or  very 
closely  scaled.  The  effects  of  the  relatively  small  differences  in  twist 
and  airfoil  section,  indicated  in  Table  1,  on  the  rotor  wake  and  flow 
velocities  were  minimized  through  test  operation  at  full-scale  thrust  coef- 
ficient. The  use  of  an  available  hub  with  flapping  articulation  rather  than 
a teetering  hub  is,  in  itself,  of  no  consequence  for  a hover  test  provided 
that  the  full-scale  rotor  hovers  at  the  built-in  precone  angle  and  the 
articulated  blade  mass  factor  (Lock  number)  is  such  to  produce  the  same 
coning  angle.  The  model  rotor  coning  angle  (approximately  0.3  deg), 
achieved  through  articulation,  was  less  than  the  full-scale  AH-JG  precone 


angle  (2.75  deg)  due  to  the  lower  Lock  number  of  the  proportionately 
heavier,  available  model  blades.  The  coning  angle  difference  is  generally 
insignificant  for  the  magnitude  of  flow  velocities  at  flow  field  points 
near  rocket  trajectories  and  wind  sensors.  It  will  be  shown  that  it  has  an 
effect  on  the  time  phasing  of  the  flow  velocities  at  specific  field  points. 

Theoretical  substantiation  of  the  generally  small  anticipated  effects 
of  scaling  differences  on  the  flow  velocites,  as  mentioned  above,  was 
achieved  through  application  of  the  rotor  hover  analysis  used  for  the  results 
presented  in  Ref.  12.  It  will  be  shown  that,  where  model  rotor  scaling 
differences  are  significant,  theoretical  and  experimental  results  can  be 
used  in  combination  to  account  for  the  differences  and  improve  the  predic- 
tion of  the  full-scale  rotor  flow  field.  Comparison  of  predicted  model  and 
;’u. .-scale  flow  velocities  and  experimental  model  flow  velocities  are  pre- 
sented in  a later  section  of  this  I'eport . 

The  available  AH-IG  fuselage  model  was  i/8th  full-scale  size.  The  ratio 
of  the  model  rotor  diameter  to  the  full-scale  rotor  diameter  was  1/9.26. 
Although  the  resulting  rotor-fuselage  scaling  was  somewhat  inconsistent  (the 
fuselage  was  li  percent  too  large),  the  anticipated  effect  of  this  inconsis- 
tency, on  the  data  to  be  measured,  was  anticipated  to  be  small  when  the 
I’ollowing  were  considered; 

1.  The  contribution  of  the  fuselage  interference  to  the  velocities 
at  rocket  trajectory  points  is  small  compared  to  the  influence  of 
the  rotor. 

2.  The  narrow  width  of  the  AH-IG  (only  7 percent  of  the  rotor 
diameter)  results  in  a scaling  inaccuracy  of  the  model  fuselage 
width  of  less  than  2 percent  of  the  model  rotor  diameter. 

3.  "^he  model  fuselage  was  positioned  under  the  model  rotor  such  that 
the  primary  distances  for  rotor/ fuse  1 age  flow  interference  at 
rocket  trajectories  and  wind  sensor  locations  were  scaled  to  be 
consistent  with  full-scale  Ail-IG  values.  Considering  the  impor- 
tance of  the  rotor  as  the  flow  velocity  producing  device,  the  pri- 
mary distances  selected  were  measured  relative  to  the  rotor  hub 
center  and  scaled  to  the  rotor  radius. 

Regarding  the  above,  several  scaling  selections  should  be  mentioned.  First, 
the  fuselage  was  positioned  relative  to  the  rotor  hub  such  that  the  vertical 
distance  between  the  canopy  roof  (at  the  pylon  Junction)  and  the  rotor 
was  appropi'i.ate ly  scaled  to  the  full-scale  value  (0.l8  R).  This  was  impor- 
tant for  both  canopy  interference  on  the  flow  at  rocket,  trajectory  locations 
beneath  the  canopy  and  f^'r  selected  wind  sensor  locations  aside  of  the  top 
of  the  canopy.  The  liub  was  moved  forward  ovei’  the  fuselage  to  betl  or  simulate 
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the  full-scale  nose  to  hub  distance  (0.65  R)-  (The  forward  portion  of  the 
fuselage  was  of  importance  for  this  rocket  trajectory,  wind  sensor  test.) 

This  scaling  was  slightly  compromised  to  0.70  R to  prevent  the  hub  center 
from  moving  forward  of  the  pylon  (see  Fig.  8).  Model  stub  wings  were  spe- 
cially designed  to  be  scaled  to  the  rotor.  Following  fabrication,  they 
were  mounted  on  the  fuselage  such  that  their  relative  position  to  the  rotor 
hub  was  scaled  equivalent  to  that  of  the  full-scale  wing  to  rotor  position. 

In  addition  to  being  sized  and  positioned  correctly  for  the  rotor  flow  field, 
scaling  the  wings  to  the  rotor  permitted  rocket  trajectory  locations  rela- 
tive to  the  wing  to  be  representative  of  full-scale  and  correctly  positioned 
in  the  flow  field.  A summary  of  the  primary  scaling  values  are  presented  in 
Table  2. 


TABLE  2.  SCALING  OF  RELATIVE  POSITIONS 
OF  ROTOR,  FUSELAGE,  AND  WING 

Model*  Full-Scale  AH-1G» 

Canopy  Roof  to  Rotor  z = -0.l8  z = -0.l8 

(Vertical  Positioning  of 

Fuselage) 

Nose  to  Rotor  Hub  Center  x = O.TO  x = 0.65 

(Horizontal  Positioning  of 
Fuselage ) 

Wing  Trailing  Edge  (@  Root)  to  x = -0.06  x = -0.06 

Rotor  ilub  Center  z = -0.37  z = -0.37 

Wing  Semi-Span  y = ^0.23  y = -0.23 

* All  values  are  scaled  to  the  rotor  radius  (i.e.,  nondimension- 
alized  by  R) 


A modified  canopy  for  the  model  fuselage  was  scaled  from  the  alternate 
flat  sided  canopy  of  the  AH-IG,  shown  in  Fig.  3,  and  fabricated  for  use 
in  a "modified  canopy"  portion  of  the  test. 
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SELECTION  OF  TEST  CONFIGURATIONS  MD  CONDITIONS 


Four  model  configurations  were  selected  for  the  test  program.  A 
configuration  consisting  of  the  mode!  rotor,  fuselage,  and  wing  was  selected 
as  ttie  reference  configuration.  In  order  to  investigate  the  independent 
effects  of  the  rotor,  fuselage  and  wing,  additional  isolated  rotor  and  rotor- 
fuselage  (without  wing)  configurations  were  selected.  The  fourth  configura- 
tion consisted  of  the  rotor,  fuselage  with  modified  canopy,  and  wing. 


TABLE  3.  TEST  CONFIGURATIONS  AND  CONDITIONS 

Test  Condition 


•Abbreviated  Na.me 

Model 

.’onfiguration 

Thrust 

Coefficient 

ct  (i2ro 

Tip 
Speed 
SIR , fps 

OGE  or 
IGE 

H/R  h/R 

Re  ference 

•Ri.Il  j'-.-’use-Vv  i ng 

0.00l*T2 

1*97 

OGE 

Isolated  Rotor 

•■  • >• 

0.001jT2 

1*97 

OGE 

Rotor-Fuse  luge 

H'  ti  '-Fusel  :ige 

O.OOI1T2 

1*97 

OGE 

Modified  Canopy 

R,.t  '-t- .j..  w/Mod. 
C'i!  ->  p y) -Wing 

0.00l4'(2 

1*97 

OGE 

Modified  Thrust 

Rotor-Fuse-Wing 

0.0035*J 

1*97 

OGE 

Modified  Tip  Speed 

Rotor-Fuse-’Wing 

0.00ltT2 

373 

OGE 

IGE  (H  = 18.5  ft) 

Rotor-Fuse-W’ing 

0.00!*T2 

1*97 

0.31.  1.1*2 

tGE  (H  = 10  ft) 

Rotor-Fuse-Wing 

0.00UT2 

1*97 

0.1*6  l.Ol* 

IGE  (H  = 0 ft) 

Rotor-Fur  ?-Wing 

0.00lt72 

1*97 

0 0.58 

T 


•iix  test  conditions  (model  operating  conditions)  comprising  different 
combinations  of  rotor  thrust  coefficient,  tip  speed,  and  ground  effect 
were  selected  as  follows.  A thrust  coefficient  (Ct  = 0.U0it72)  representative 
of  the  Aii-IG  gross  weight  (9500  lbs)  and  a tip  speed  (flR  = t9?  fps ) equivalent 
to  two-thirds  of  the  AH-IG  tip  speed  (fJR  = 7^6  fps)  were  selected  in  combina- 
tion with  out-of-ground-effect  operation  as  the  reference  operating  condition. 
The  reference  thrust  coefficient  of  0.00^*72  corresponds  to  a thrust  coef- 
ficient/solidity ratio  (Cip/o)  of  0.072.  The  selection  of  the  lower  reference 
tip  speed  (2/3  full-scale)  was  based  on  structural  considerations  for  the 
available  model  blades.  The  selection  was  Justified  on  the  basis  that  both 
available  theoretical  and  experimental  results  have  substantiated  the 
gene->-al  inaependence  of  hovering  rotor  wake  geometry  to  tip  speed  and  the 
Linear  scaling  of  flow  velocities  with  tip  speed  when  the  rotor  is  operated 
at  a constant  thrust  coefficient.  Several  sets  of  substantiating  test  data 
from  different  investigators  for  tip  speeds  between  150  and  70C  fps  are 
compared  with  theoretical  predictions  in  Ref.  12. 

Independent  variations  of  each  of  the  test  condition  parameters  (thrust 
coefficient,  tip  speed  and  ground  effect)  from  the  single  combination  of  the 
reference  condition  were  selected  as  the  remaining  five  conditions.  A single 
independent  variation  of  thrust  coefficient  (Cp  = 0.00351),  which  is  three- 
fourths  of  the  reference  value,  was  selected  to  simulate  a change  in  the 
direction  of  the  helicopter  empty  weight.  The  thrust  coefficient  variation 
was  achieved  by  reducing  the  blade  collective  pitch  setting  at  the  reference 
tip  speed.  A single  independent  variation  of  tip  speed  (OR  = 373  fps), 
which  is  three-fourths  of  the  reference  condition  value  and  one-half  the 
full-scale  value,  was  selected.  This  value  and  the  extent  of  the  variation 
is  obviously  not  typical  of  full-scale  rotor  operation.  It  was  selected  on 
the  basis  of  providing  a variation  equivalent  to  the  tip  speed  increment 
between  the  reference  value  and  the  full-scale  operational  value.  The 
reference  thrust  coefficient  was  retained  for  the  modified  tip  speed 
condition  by  maintaining  collective  pitch  essentially  constant.  Three 
in-ground-effect  conditions  were  selected  to  provide  a comparison  with  the 
reference  out -of-ground-ef feet  condition.  Three  distances  between  the  full- 
scale  AH-IG  landing  gear  skids  and  the  ground  (H  = 0,  10,  and  l8.5  ft)  were 
scaled  by  the  rotor  radius  (H/R  = 0,  0.ii6,  and  0.81)  and  converted  to  scaled 
distances  between  the  rotor  hub  and  the  ground  (h/R  = 0.58,  l.Ol,  and  l.l2) 
to  establish  distance  settings  between  the  movable  ground  plane  (Fig.  6)  and 
the  model  rotor.  The  reference  rotor  tip  speed  and  thrust  coefficient  was 
retained  (the  latter  by  reducing  collective  pitch)  for  all  three  in-ground- 
effect  conditions. 
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The  selected  model  test  configurations  and  conditions  were  combined  to 
result  in  the  nine  test  configuration/condition  combinations  listed  in  Table 
3.  Abbreviated  names,  assigned  to  the  nine  combinations,  are  included  in 
Tabie  ■ and  will  be  used  to  simplify  configuration/condition  identification 
throughout  the  remainder  of  this  report.  As  indicated  in  Tabie  "5,  each  of 
the  four  test  configurations  were  tested  at  the  reference  condition,  and  each 
of  the  five  test  conditions  representing  modifications  fror;.  the  reference  con 
lit  ion  were  tested  using  the  reference  configuration. 

In  suimmary,  in  addition  to  testing  the  reference  configuration  and 
operating  condition,  the  separate  influence  of  the  fuselage,  wing,  and 
modified  canopy  on  the  flow  velocities  and  wake  patterns  were  measured  by 
tcstin.g  the  isolated  I'otor,  rotor-fuselage  (without  wing)  and  rotor-modified 
canopy  fuselage-wing  at  the  reference  operating  condition.  Independent  .^aria 
tions  of  each  of  the  operating  condition  parameters  (thrust  coefficient,  tip 
speed,  and  ground  effect)  were  then  tested  for  the  reference  configuration. 

SSLKCTTON  OF  TE.^T  DATA 

Flow  velocity  (laser  velocimeter)  data  and  flow  visualization  (smoke 
an  i/or  s^hlieren)  data  were  acquired  for  all  test  configurations  and  con- 
ditions. Considering  the  contractual  scope  of  the  test  program,  the  number 
of  confi  gurations  and  conditions,  find  the  potential  nu.mber  of  flow  velocity 
location.',  and  component  combinations  to  completely  investigate  all  rocket 
trajectory  and  wind  sensor  locatioi-is,  a limited  but  judicious  selection  of 
laser  velocimeter  measurements  was  necessary.  Also,  priority  configurations 
and  conditions  were  established  for  the  analysis  of  the  flow  visualization 
iata.  The  selection  of  test  data  and  the  bases  thereof  are  discussed  below. 
The  flow  velocity  locations  and  components  are  summarized  in  Tables  through 
6. 

Flow  Velocity  (Laser  Velocimeter)  Data 


Ttie  f’.T5  in.  rocket  trajectories  in  the  vicinity  of  the  AK-IG  helicopter 
are  shown  in  Fig.  U.  TVo  sets  of  axis  systems  (x,  y,  z and  Xm,  yrp,  zrp)  , used 
during  the  test  program,  are  also  shown  in  this  figure.  The  first  (x,  y , o) 
is  a horizontal-vertical  axis  system  with  i.he  rotor  hub  as  the  origin.  The 
second  (x.p,  y,j.,  Zrp)  is  oriented  with  respect  to  the  I'ocket  trajectories  with 
the  intersection  of  the  line  joining  the  launcii  points  and  the  fuselage  plane 
of  symmetry  as  the  origin.  For  convenience,  both  axes  systems  were  selected 
to  result  in  left-handed  coordinate  systems.  In  Table  h , the  locations  for 
rocket  trajectory  IIos.  1 through  It  correspond  to  those  of  the  full-scale 


TABLE  ii. 


ROCKET  TRAJECTORY  LOCATIONS 


Rocket 

Launch 

Point 

Coordinates 

Launch 

Attitude 

Tra.iectory  No. 

X 

1. 

z 

X (p 

Yip 

Zrp 

X>  .DgS 

1 

0.035 

-0.22 

0.39 

0 

-0.22 

0 

7 

2 

0.035  ■ 

-0.l6 

0.39 

0 

-0.l6 

0 

7 

3 

0.035 

0.16 

0.39 

0 

0.i6 

0 

7 

0.035 

0.22 

0.39 

0 

0.22 

0 

7 

5 

0.035 

0.l6 

0.39 

0 

0.l6 

0 

9 

TABLE 

5.  WIND 

SENSOR 

LOCATIONS 

V/ind  Sensor 
Location  No. 

X 

L 

z 

1 

0.27 

0.133 

-C.135 

2 

0.27 

-0.083 

-0.185 

3 

0.27 

-0.107 

-0.185 

>,* 

0.27 

-0.133 

-0.185 

5 

0.2T 

-0.183 

-0.185 

6 

0.77 

0 

-o.to 

7 

0.835 

0 

-0.1+0 

^Primary  wind  sensor  location 


TABLK  6.  MSER  VELOCIMETER  DATA  — COMPONENTS  ANTj  LOCATIONS 


LV  Data  Locations 


Test 

Flow 

Rocket  Trajectory 

Configuration/ 

Condition 

Velocity 
Component,  fps 

Trajectory 

No. 

7 

Deg 

Reference 

2,3,'i 

-0.16,0.16,0.?2 

7 

5 

0.l6 

9 

'^Xn, 

X 

3 

0.l6 

7 

'"nt 

2,3 

-0.l6,0.l6 

7 

Vy,V^ 

isolated  Rotor 

’■'zT 

- 

0 

7 

'^Zrp 

3,L» 

0.16,0.22 

7 

li 

0.22 

7 

Rotor  - Fuselage 

\.r 

3,’t 

0.16,0.22 

7 

Modified  Canopy 

-z,, 

3,’^ 

0.16,0.22 

7 

Vy,V^ 

Modified  Thrust 

^Zq, 

3,1* 

0.16,0.22 

7 

Vy,V^ 

Modified  Tip  Speed 

Vzt 

3,1* 

0.16,0.22 

7 

IGF  (1!  = l8.5  ft) 

'^Z-p 

3,1* 

0. 16,0.22 

7 

IGF  (n  = 10  ft) 

'''z.p 

3 

0.16,0.22 

7 

V’'^Z 

IGF  (H  = 0 ft) 

3 

0.16 

"'T 


^Trunsformod  from  datri  lakeii  at  = 


Wind 

Sensor 

No. 


1-5 

6,7 


1-5 

1-5 

1-5 


0 


Aii-in  indicated  in  Fip.  h . Rocket  trajectory  No.  5 is  a trajectory  launch 
attitude  variation.  Flow  velocities  were  measured  with  the  laser  velocimeter 
at  rocket  trajectory  Mos.  2-5.  Primar>-  emphasis  was  placed  on  trajectories 
i and  U which  were  located  on  the  starboard  side  of  the  model  at  yip  = 0.l6 
and  0.22,  respectively.  These  were  Fiver,  priority  to  provide  data  for  side- 
by-side  inboard  and  outboard  (relative  to  the  fuselage ) trajectories,  and 
thereby  detect  the  anticipated  difference  in  fuselage  flow  interference. 

Thus,  trajectories  3 and  h were  investigated  for  most  ail  of  the  test 
con figurat ion/condit ion  combinations.**  In  addition,  velocity  measurements 
at  selected  points  on  rocket  trajectory  No.  5 representing  a trajectory 
attitude  variation  of  No.  i from  7 to  9 degrees  and  rocket  trajectory  No.  2 
on  the  opposite  side  of  the  fuselage  were  taken  for  the  reference  config- 
uration and  condition.  Also,  for  the  isolated  rotor  LV  measurements  were 
made  parallel  to  the  rocket  trajectories  but  at  = 0.  Recognizing  the 

flow  symmetry  of  the  hovering  rotor  in  the  aiisence  of  the  fuselage,  these 
measurements  could  be  transformed,  through  appropriate  geometric  relations, 
to  represent  other  parallel  trajectories.  Transformations  to  the  rocket 
trajectories  of  interest  were  made,  and  the  results  will  be  presented  and 
compared  in  a later  section  of  this  report.  All  of  the  above  LV  data 
locations  for  rocket  trajectories  are  presented  in  Table  6. 

Flow  velocity  components  at  rocket  trajectories  were  measured  in  the 
trajectory  axis  system  (vxp,  Vzp).  That  is,  Vyp  and  v^p  were  measured 

normal  to  the  rocket  trajectoryt  and  Vj^^j,  was  measured  in  the  direction  of 
the  rocket  trajectory.  Primary  emphasis  was  placed  on  the  measurement  of 
the  velocity  component  in  the  vertical  plane  and  normal  to  the  rocket 
trajectory,  v^^,  since  for  hover  it  is  this  component  which  generally  is 
of  much  larger  magnitude  than  the  other  two  components  and,  with  regard  to 
flow  interference,  it  is  the  most  influential  on  the  attitude  and  thus  the 
range  of  the  rocket.  Thus,  as  indicated  in  Table  6,  v^^  was  measured  for 
the  rocket  trajectories  of  all  configurations  and  conditions.  The  velocity 
components  in  the  lateral  direction,  and  the  direction  of  the  rocket 

trajectory,  Vjj^,  were  measured  for  the  i-eference  configuration  and  condition 
at  selected  points. 


* The  rocket  launch  points  were  assumed  to  be  beneath  the  wing  tip  leading 
edge  O X = 0.035).  The  actual  front  openings  of  the  2.75  in.  rocket 
launchers  are  somewhat  forward  of  this  point. 

**The  TOE  (H  = 0 and  10  ft)  conditions  were  limited  scope  additions  to  the 
original  test  program,  and  LV  measurements  were  thus  limited  to  rocket 
trajectory  3. 


In  addition  to  rocket  trajectory  points,  flow  velocity  measurements 
were  t'iken  at  and  in  the  vicinity  of  wind  sensor  locations  under  consid- 
eration by  the  Army  at  tiie  time  of  the  test  program.  The  seven  tested 
wind  sensor  locations  are  shown  in  Fig.  5 and  their  coordinates  relative 
to  tiie  rotor  iiub  cer;ter  and  nondimensionali zed  by  the  rotor  radius  are 
presented  in  Table  5-  Tiie  wind  sensor  locations  were  properly  scaled 
to  those  of  the  full-scale  AH-IG  rotor.  The  scaling  difference  between 
the  model  and  full-scale  fuselages  with  respect  to  their  respective  rotor 
radii  resulted  in  slight  inconsistencies  between  the  wind  sensor  locations 
when  scale  1 to  tlie  model  and  f'oll-scaie  fuselages,  as  indicated  in  Fig.  5- 
Note  that  *he  double  points  are  only  shown  to  indicate  relative  scaling 
iifferences  in  the  distances  between  the  model  and  full-scale  fuselages. 
Actual  measurements  were  t'iken  only  at  the  model  scaled  points  which  were 
propeniy  located  in  the  rotor  flow  field.  Wind  sensor  location  Nos.  1 
through  5 were  selected  to  provide  data  at,  in  the  vicinity  of,  and  on  the 
opposite  side  of  the  fuselage  from  primary'  wind  sensor  location  No.  k as 
prescribed  liv  tlie  Army  technical  representative  for  tO’s  investigation. 
Wind  sensor  Nos.  6 and  7 were  located  ahead  of  the  nose  of  the  model  by 
7 and  1 U percent  of  the  rotor  radius,  respectively.  Wind  sensor  data 
{vy  and  v^)  were  measured  at  locations  1 through  5 for  the  reference, 
isolated  rotor,  modified  canopy,  modified  thrust,  and  IGE  (H  = 10  ft)  test 
configurations/conditions.  At  locations  6 and  7,  and  v^.  velocities 
were  measured  for  the  reference  configuration  and  condition.  The  test 
combinations  of  test  configuration,  condition,  velocity  component  and 
wind  sensor  locations  are  included  in  Table.  6. 
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FLOW  VISUALIZATION  AND  WAKE  GEOMETRY  DATA 

M Flow  visualization  results  are  presented  prior  to  the  LV  results  to 

provide  a familiarization  with  the  rotor  wake  characteristics  associated  with 
the  various  test  configurations  and  conditions  which  will  assist  in  the  inter- 
pretation of  the  LV  data. 
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INTRODUCTORY  WAKE  INFORMATION 


To  introduce  the  procedures  used  in  reducing  the  flow  visualization  data, 
a brief  discussion  of  the  fundamental  characteristics  of  the  hovering  rotor 
wake  and  the  interpretation  of  these  characteristics  from  previous  tests 
I, Refs,  lit  and  15)  is  presented.  A schematic  of  the  wake  from  one  blade  is 
shown  in  Fig.  iL.  The  wake  contains  two  primary  components.  The  first,  and 
most  prominent,  is  the  strong  tip  vortex  which  arises  from  the  rapid  rolling 
up  of  the  portion  of  the  vortex  sheet  shed  from  the  tip  region  of  the  blade. 
The  second  feature  is  the  vortex  sheet  shed  from  the  inboard  section  of  the 
blade.  This  sheet  does  not  roll  up  but  generally  remains  in  the  form  of 
distributed  vorticity.  The  vertical  or  a.xial  transport  velocity  near  the 
outer  end  of  the  inboard  vortex  sheet  is  much  greater  than  that  of  the  tip 
vortex.  The  vertical  velocity  of  the  inboard  sheet  also  increases  with  radial 
position,  resulting  in  a substantially  linear  cross  section  of  the  inboard 
sheet  at  any  specific  azimuth  position  as  shown  in  Fig.  1^4.  These  charac- 
teristics result  directly  from  the  velocities  induced  by  the  strong  tip 
vortex.  The  radial  extent  of  the  vortex  sheet  is  depicted  in  Fig.  1^4  as 
ending  abruptly.  This  is  attributable  to  the  absence  of  wake  circulation 
strength  there.  The  radial  distribution  of  trailing  vorticity  emanating  from 
the  blades  is  directly  related  to  the  gradient  of  the  blade  spanwise  lift 
distribution.  The  blade  lift  reaches  a maximum  near  the  tip  of  the  blade 
which  results  in  a local  zero  gradient  and  thus  zero  wake  strength.  Outboard 
of  this  region,  the  trailing  vorticity  forms  a rolled-up  tip  vortex  with  the 
rotational  circulation  direction  indicated  in  Fig.  it.  Inboard,  the  blade 
lift  gradient  is  opposite  in  sign,  and  thus  the  circulation  sense  of  the 
inboard  vortex  sheet  is  opposite  to  that  of  the  tip  vortex.  It  is  the  local 
circulation  sense  of  a wake  element  which  determines  the  direction  of  its 
induced  velocity  contribution  at  a point  in  the  flow  field.  In  addition  to 
the  wake  structure  shown  in  Fig.  lU  for  one  blade,  similar  wake  structures  for 
other  blades  also  exist,  with  the  aggregate  forming  the  complete  wake 
representation . 

A computerized  analytical  representation  of  the  hovering  rotor  wake  is 
presented  in  Fig.  15-  The  wake  of  each  blade  is  divided  into  the  tip  vortex 
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and  inboard  vortex  sheet  as  represented  by  the  finite  vortex  filaments  sho’^ 
in  the  figure.  This  representation  was  used  for  the  previous  theoretical 
flow  study  for  rocket  trajectories  (Refs.  6 and  7),  and  for  the  theoretical 
results  presented  in  a later  section  of  this  report.  A schematic  of  the  tip 
vortex  pattern  and  rocket  trajectories  is  presented  in  Fig.  1.6. 

Smoke  and  schlieren  flow  visualization  techniques  were  used  during  the 
test  program.  These  two  techniques  complement  one  another  in  that,  as  applied, 
the  schlieren  technique  provides  visualization  of  the  three-dimensional  tip 
vortex  patterns,  and  the  smoke  provides  two-dimensional  cross  sections  of  the 
tip  vortices  and  inboard  vortex  sheet.  Sample  flow  visualization  results 
are  presented  in  Figs.  17  through  31. 

SCHl IKREN  WAKE  VISUALIZATION 


Sample  frames  from  schlieren  movies  of  the  rotor  tip  vortices  are  shown 
in  Fig.  IT.  The  photographic  quality  in  Fig.  17  has  been  somewhat  compromised 
by  the  reproduction  of  enlarged  photographs  from  movie  frames.  To  more  clearly 
depict  the  schlieren  results,  tracings  from  projections  of  selected  movie 
frames  associated  with  several  test  configurations  and  conditions  are  presented 
in  Figs.  l6  through  22. 

Reference  Con figuration /Condition 

In  Fig.  l8,  the  tip  vortices  for  the  reference  rotor  and  condition  are 
shown  relative  to  the  blade,  fuselage,  and  rocket  trajectory.  The  selected 
movie  frame  for  this  figure  had  the  two  blades  over  the  fuselage  ( ij/  = l80  deg 
for  the  blade  shown).  The  start  of  the  second  revolution  of  the  tip  vortex  from 
the  blade  at  i|;  = l8o  deg  is  shown  to  be  near  the  rocket  trajectories  on  the 
starboard  side  of  the  fuselage.  Using  smoke  data  it  was  determined  that,  for 
the  reference  conf iguration/condition , the  tip  vortex  intersects  with 
rocket  trajectory  no.  ^ (y  = 0.22,  y = 7 deg)  at  the  intersection  poiiit 
shown  (x  = 0.78;  xij-  = 0.75)  when  the  blade  is  at  approximately  215  deg.  The 
vortex  age,  at  this  point,  is  approximately  4l5  deg. 

In  addition  to  wake  geometry,  the  schlieren  data  was  useful  in  deter- 
mining tip  vortex  core  size  for  use  in  the  hovering  rotor  computer  analysis. 
Since  the  schlieren  technique  results  in  a recorded  visualization  of  the 
density  gradients  in  the  air,  the  tip  vortex  core  is  made  visible  due  to  the 
significantly  different  density  within  the  core  in  relation  to  the  surrounding 
air.  The  vortex  core  diameter  was  measured  from  several  schlieren  movie 
frames,  and  was  found  to  be  one-tenth  of  the  blade  chord  (0.1c  - 30«).  The 
variation  of  approximately  thirty  percent  was  found  from  data  for  various 
blade  azimuths  (>p)  and  tip  vortex  age  In  termis  of  blade  radius,  the 

vortex  core  dia.metor  was  O.OIR. 


Isolated  Rotor 


The  tip  vortex  pattern  for  the  isolatea  rotor  is  compared  with  that  of 
the  reference  can'. fi  -uration  in  Fir.  IQ.  The  vortex  patterns  were  found  to 
be  closely  similar  corisi  ierinr.  that  Firs.  I8  and  19  were  acquired  from  sinrle 
movie  frames  anvl  do  not  exactly  indicate  the  mean  locations  recornizinr  some 
vortex  unsteadiness.  The  primary  difference  that  did  occur,  that  was 
verified  by  the  smoke  data,  was  a siirhtly  greater  radial  extent  of  the  tip 
vortices  iwake  boundary)  d to  the  presence  of  the  I’uselare.  The  inter- 
section of  the  isolated  rotor-  tip  vortex  with  rocket  trajectory  no.  d was 
determined  to  occur  at  x = 0.T6  ( x-p  = 0.73)  -when  the  blade  azimuth,  ip,  was 


approximately  200  deg. 
dOO  deg. 


\t  this  point  the  vortex  age,  >1^,  was  approximately 


The  unsteadiness  (d'  the  tip  vortices  increases  with  vortex  af^-e . The 
vortices  were  generally  fo'u.nd  to  be  fair-.y  stable  above  and  in  the  region 
of  the  rocket  trajector i-^v  . Ho-wevtrr,  the  vortex  stability  deteriorated 
appreciable  below  the  rocket  tr-a.iectory  as  shown  in  Fig.  ;9  (at  = 5-’0  uer). 
T’ne  sm.oke  data  indicated  t.hat  the  t ip  vortices  become  very  anstabj.e  at  a 
vortex  age,  of  approximately  720  ;er.  This  is  consistent  with  the 

results  of  Ref.  lit.  If  -iiiy* '-.I  riv , tiie  presence  ol'  the  I'useJage  appeared  to 
increase  the  tip  vortex  stability. 

Modified  Thr'ust  Condition 

The  tip  vortex  pattern  for  the  modifici  thrust  coniition,  presented  ir. 

Fig.  20,  indicates  that  a reduction  of  the  thrust  coefficieir^-  resu.ts  in  a 
reduction  in  the  vertical  wake  transport  velocity,  as  expected.  This  reoi-ier."  r 
the  tip  vertices  relative  to  the  rocket  t ;'a,1ectc'ries . This  wake  recriorda- 
tion  with  respect  to  blade  azim.uth  -will  be  showr.  to  have  an  i.’xpact  r.  •i,.* 
blade  azimuth  phasing  of  the  rocket  inter I'ei-ence  flow  velocities. 

Modified  Tip  Speed  Condition 

The  results  of  the  tip  speed  variation  we!-e  somewhat  sui-prising.  Far.ic!- 
flow  visualization  results  iRef.  ;■<)  have  indicated  the  general  i n.icpcnacnce 
of  wake  geometry  on  tip  speed  for  the  same  rotor  and  thrust  coef ficieiit . As 
shown  in  Fig.  21,  the  location  of  the  tip  vortices  for  the  two-blaies  i,  1 and 
2)  at  the  miodified  tip  speed  conJitioii  did  not  repeat  at  the  same  vortex  age 
as  the  vortices  approached  and  travelled  below  the  rocket  trajectories.  A. so, 
they  departed  significantly  from,  the  reference  condition  location  at  a 
vortex  age,  of  5^*0  deg.  The  possibility  of  unequ.al  and  incorrect  lu-iuc 

pitch  settings  was  eliminated  oti  the  basis  that  the  vortex  geonietry-of  the 
two  blades  was  in  agreement  within  the  fi:-st  wake  revolution,  an.l  the  mid- 
point between  the  two  vortex  locations  at  the  same  vortex  age  w;is  c'loso  to  tha-t 


of  the  reference  rotor.  It  is  possible  that  the  presence  of  the  fuselage  in 
combination  with  the  low  tip  speed  tested  (350  fps ) reduced  the  wahe  stability, 
but  this  should  be  investigated  further. 

In-Ground-Effect  Conditions 


Placement  of  the  model  in-ground-effect  resulted  in  the  expected  expan- 
sion of  tlie  wake  boundary  as  shown  for  the  simulated  10  ft  skid  height 
condition  in  Fig.  22. 


f.MOha-:  FL^  k VlSUALIZATlOi: 

Flow  Visualization  Techniques  and  Sample  Wake  Photographs 

To  obtain  smoke  flow  visualization  data,  smoke  was  injected  into  the  flow 
by  movable  smoke  rakes  located  above  and  to  the  side  of  the  rotor  (Fig.  8). 

The  smoke  rakes  were  positioned  by  remote  control  to  insure  a clearly  defined 
tip  vortex.  The  wake  patterns  were  recorded  on  film  witli  remotely  operated 
cameras.  A time-delay  system  was  used  to  trigger  the  cameras  and  microflash 
units  when  the  rotor  was  at  a desired  azimuth  position.  The  delay  system  used 
a ono/rev  signal  from,  the  rotor  shaft  as  a reference,  and  the  delay  time  (man- 
ually adjusted)  was  measured  on  an  electronic  counter.  For  each  test  condition, 
photographs  were  taken  at  preselected  azimuth  positions  of  a reference  blade 
with  respect  to  the  plane  of  the  smoke.  Pliotographs  were  generally  taken  at 
azimuth  angles  of  0,  30,  60,  90,  120,  and  150  deg  as  shown  in  Fig.  23  for  the 
reference  configuration  and  condition.  Several  photographs  were  normally 
taken  at  each  azimuth  position. 

The  schematic  in  Fig.  lb  is  representative  of  the  tha-ee-dimensional  wake 
pattern  which  would  be  observed  if  smoke  were  emitted  from  the  blade  (i.e., 
in  the  rotating  system).  To  take  advantage  of  the  syminetrical  nature  of  the 
wake  of  a hovering  rotor  as  well  as  to  facilitate  the  acquisition  of  quanti- 
tative data,  the  wake  for  this  investigation  was  observed  by  emitting  smoke 
externally  from  the  blades  (i.e.,  in  the  nonrotating  system).  Smoke  was 
emitted  from  smoke  rakes  in  a single  plane  and  the  flow  patterns  were  photo- 
graphed, as  shown  for  the  two-bladed  rotor  in  Figs.  23-31.  In  this  manner, 
a two-dimensional  cross  section  of  the  wake  was  recorded.  The  cross  sections 
of  the  tip  vortices  appear  as  circles  in  which  the  central  regions  are  clear 
of  smoke  due  to  the  local  centrifugal  field  which  forces  the  smoke  particles 
radially  outward.  The  center  of  the  circular  cross  sections  are  intei-preted 
as  the  centers  of  the  vortex  core.  The  vortex  sheet  cross  sections  are  indi- 
cated by  the  discontinuities  present  in  the  smoke  filaments  passing  throujdi 
the  inner  region  of  the  rotor  wake. 


Sample  smoke  flow  visualization  photographs  for  comparison  of  wake  cross 
sections  of  various  test  configurations  and  conditions  are  presented  in  Fig.  2k. 
Enlarged  photographs  are  presented  in  Figs.  25-31.  Particularly  noteworthy 
are  Figs.  30  and  31  which  clearly  show  the  expansion  of  the  wake  boundary 
relative  to  tl.e  reference  out-of-ground  effect  condition  (Fig.  25)  when  the 
aircraft  is  operated  close  to  the  ground. 

■:ake  Geometr.y  Data 

The  photographic  wake  data  were  analyzed  for  selected  test  conditions  to 
determine  the  principal  wake  geometry  characteristics.  The  conditions  were 
selected  so  as  to  permit  assessment  of  the  effects  of  the  primary  test  para- 
meters and  to  provide  wake  geometries  for  the  computerized  prescribed  wake 
h.over  theory.  Radial  and  axial  wake  coordinates  were  determined  from  the 
photograplis  as  functions  of  the  wake  azimuth  angle  (’liy),  which  is  equivalent 
to  tiie  blade  azimuth  travel  (i|j  = Sit)  from  the  time  it  generates  the  vortex 
cross  section.  For  example,  in  Figs.  2k  to  31,  the  uppermost  tip  vortex  and 
vortex  sheet  cross  section  were  shed  by  a blade  which  has  traveled  l80  deg 
from  the  time  it  passed  through  the  plane  of  smoke.  The  following  tip  vortex 
and  vortex  sheet  cross  section  were  shed  by  the  blade  shown  the  previous  time 
it  passed  through  the  reference  side  of  the  smoke  plane , and  thus  the  w'ake 
azimutli  angle  for  these  cross  sections  is  360  deg.  Likewise,  the  azimuth  angle 
of  the  third  cross  section  is  5^»0  deg.  It  should  be  noted  that  the  cross  sec- 
tions in  the  visible  wake  near  the  rotor  remain  approximately  in  the  sane 
plane  (rotor  wake  tangential  velocities  are  small).  The  azimuth  angle, 
was  used  as  the  third  coordinate  in  the  wake  geometry  analysis.  For  an 
idealized,  stable,  hovering  rotor  wake,  the  radial  and  axial  coordinates  at 
a given  azimuth  angle  are  equivalent  for  eacl;  blade  due  to  symmetry.  Thus 
the  complete  coordinate  system  of  the  wake  for  a riven  test  condition  was 
determined  by  the  following  procedure. 

n.'.inr  suecial  negative  film  pro.ject.ion  equipment  aiii  coni'Uteri zed 
co.riinate  identification  equipment,  the  i-adial  ritul  axiai  cnord i nat.fs  of  the 
wake  from  .several  blade.s  in  a single  photograrh  were  determined.  Tiis  wa.-. 
repeate  1 f u-  a sequence  o*'  photographs  taken  with  + he  rotor  at  a r-erie.s  of 
t rescribe  I rotational  positions.  A sample  seqiience  is  pre.-.enteu  in  '•'ig.  .'3, 
in  which  t !\e  rotor  rotational  positicnr  relative  to  the  -moke  plaiie  are 
designated  by  the  azimuth  positions,  , of  the  two  blades.  Considering  the 
known  azimuth  positions  of  the  reference  blade  and  relating  each  vortex  cross 
.•.ection  to  the  appropriate  blade,  the  radial  and  axial  coordinates  were 
obtained  in  terms  of  the  wake  azimuth  (age),  The  coordinate  results  from 

the  series  of  photographs  were  then  plotted  as  functions  of  a.'--  shown  in 
Figs.  IP  to  3^.  To  facilitate  the  comparison  of  wake  geometries  from  var.ying 
rotors  arid  test  conditions,  the  radial  and  axial  coordinates  were  nondi- 
mensional i zed  by  the  rotor  radius,  and  differences  in  axial  coordinates  due 


to  blade  coning  were?  eliminated  by  generally  using  the  blade  tip  as  the 
reference  ( z^IP  instead  of  z).  Tiie  range  of  wake  azimuth  angles  for  which 
data  could  be  acquired  was  limited  by  the  visibil'ty  of  the  smoke.  For 
example,  for  two-bladed  rotors,  generally  only  1I5  to  2 tip  vortex  revolutions 
per  blade,  are  visible.  However,  rotor  performance  is  mainly  sensitive  to 
the  near  wake  geometry,  and  knowledge  of  the  exact  positioning  of  the  far 
wake  elements  below  the  rocket  trajectories  was  not  essential  to  the 
objectives  of  this  study.  However,  further  investigation  of  the  far  wake 
instability  is  warranted  for  refinement  of  the  prescribed  wake  geometry 
used  in  the  hover  theory  to  predict  rocket  flow  interference. 

The  tip  vortex  coordinates  for  the  isolated  rotor  are  presented  in 
Fig.  32.  An  indication  of  the  steadiness  of  the  tip  vortex  geometry  is 
indicated  by  the  extent  of  the  measured  data  from  different  blades  and 
photographs  at  each  wake  azimuth. 

The  general  features  of  the  tip  vortex  geometry  are  evident  in  Fig.  32. 
'.^/hen  an  element  of  the  tip  vortex  is  shed  from  a blade,  its  rate  of  axial 
displacement  is  very  low  until  it  passes  beneath  the  following  blade  (at 
li'y  = 360  deg/b).  At  that  point,  the  tip  vortex  element  lies  radially  inboard 
of  the  tip  vortex  of  the  following  blade  and  thus  experiences  a large 
dow7iward  induced  velocity  from  that  vortex  and  the  blade.  The  axial  transport 
velocities  before  and  after  the  passage  of  the  following  blade  are  fairly 
constant  in  the  near  wake,  as  can  be  seen  from,  the  substantially  linear 
variations  of  the  axial  displacement,  Zrpjp  with  wake  azimuth  angle  in  these 
regions.  The  radial  displacement,  r,  of  the  tip  vortex  decays  in  an 
apparently  exponential  manner  as  the  wake  azimuth  is  increased.  The  fairings 
of  the  tip  vortex  data  in  Figs.  32  and  33  are  based  on  these  general  wake 
characteristics . 

The  tip  vortex  coordinates  for  various  test  configurations  and  conditions 
are  compared  in  Fig.  33.  The  vertical  coordinates  of  the  isolated  rotor 
were  slightly  different  from  the  reference  rotor,  but  within  the  degree  of 
experimental  scatter.  As  expected,  the  vertical  coordinates  for  the  modified 
tip  speed  condition  were  similar  to  the  reference  condition,  and  those  for 
the  modified  thrust  condition  were  significantly  reduced.  Tlie  radial  tip 
vortex  coordinates  were  similar  for  the  three  conditions  with  the  fuselage. 
However,  they  were  slightly  further  out  from  those  of  the  isolated  rotor 
indicating  a slight  wake  expansion  due  to  the  fuselage. 

It  should  be  noted  that  the  fuselage  may  create  a dissymmeti’y  in  the 
wake,  and  thus  to  completely  describe  the  wake  in  the  presence  of  a fuselage, 
the  wake  coordinates  should  be  measured  at  numerous  azimuth  locations,  'lliis 
was  beyond  the  scope  of  the  test  program  reported  herein.  Kesults  of 
comparison  of  the  smoke  and  schlieren  results,  taken  at  t.wo  different  rotor 
azimuths  (il?  = 90  and  I80  deg)  suggest  that  the  effects  on  the  tip  vortex 


sieometry  are  small,  but  this  and  particularly  the  azimuthal  dependence 
of  the  inboard  wake  remain  to  be  investigated  further. 

Since  the  cross  sections  of  the  vortex  sheet  from  each  blade  are 
essentially  lines  rather  than  discrete  points,  as  is  the  case  for  the  tip 
vortex  cross  sections,  the  procedure  of  Ref.  lU  for  transforming  the 
photographic  data  for  the  vortex  sheets  to  coordinate  form  was  found  to 
be  convenient.  Assuming  the  vortex  sheet  cross  sections  to  be  linear,  the 
axial  position  of  a vortex  sheet  at  a given  azimuth  can  be  defined  by  two 
points.  For  simplicity,  the  two  points  selected  were  the  imaginary  extensions 
of  the  cross  section  to  r = 0 at  on  end  and  to  r = 1.0  at  the  other  end. 

These  two  points  establish  the  intercept  at  the  axis  of  rotation  and  the 
slope  of  the  vortex  sheet.  Tip  vortex  transport  velocities  described  in 
Ref.  li*  can  be  derived  from  this  information  to  provide  the  necessary  wake 
parameters  for  the  prescribed  wake  theory. 

The  inboard  wake  coordinates,  as  described  above,  are  presented  in 
Fip:.  3^  for  the  reference  and  isolated  rotor  configurations.  The  unsteadiness 
of  the  inboard  wake  is  generally  greater  than  that  of  the  tip  vortex,  and 
thus  lines  representing  the  boundaries  of  the  inboard  wake  data  are  presented 
in  Fig.  3^.  Tlie  coordinates  for  the  isolated  rotor  and  reference  config- 
uration/condition were  similar  within  the  indicated  boundaries. 


■»  


Laser  Velocimetry  (LV)  is  uniquely  suited  for  acquiring  velocity 
measurements  on  helicopter  model  tests.  While  the  ability  of  the  technique 
to  provide  data  as  a function  of  blade  position  is  not  unique  (e.g.,  hot  wires 
or  hot  films),  it  does  have  advantages  over  other  techniques.  For  example,  the 
output  is  always  linear  with  particle  velocity.  This  may  be  contrasted  with 
hot  wires  which  change  calibrations  as  velocities  get  small.  Also,  implemen- 
tation never  requires  introduction  of  any  probe  at  the  measurement  location. 
This  is  of  obvious  importance  in  regions  near  a tip  vortex,  for  example,  where 
the  presence  of  a probe  night  alter  the  flow.  These  LV  advantages  are  partic- 
ularly imiportant  for  the  current  rotor  hover  simulation. 

ilie  basic  principles  associated  with  LV  together  with  the  details  specific 
to  the  present  application  will  be  discussed  in  this  section.  The  basic  prin- 
ciples are  included  only  as  an  outline  to  serve  as  an  introduction  to  the 
specifics.  Details  to  be  discussed  will  include  optics,  seeding,  data  pro- 
cessing, and  data  editing. 

BASIC  LV  PRINCIPLES 

The  Doppler  principle  is  most  comm.only  illustrated  through  the  apparent 
change  in  train  whistle  pitch  as  it  passes  by  a stationary  observer  (i.e.,  a 
frequency  shift  due  to  a moving  object).  Applied  to  laser  beams,  one  finds 
that  the  frequency  (or  wavelength)  of  scattered  laser  light  from  a moving 
target  is  shifted  relative  to  the  incident  frequency.  This  shift  is  dependent 
upon  the  index  of  refraction  of  the  test  medium,  n;  the  wavelength  of  the 
incident  beami,  X;  the  velocity  of  the  target,  U;  and  the  collection  angle,  -t, 
relative  to  the  incident  direction.  Items  such  as  incident  power,  target  size, 
and  target  optical  properties  (e.g.,  index  of  refraction,  shape)  influence  the 
amplitude  of  the  scattered  light,  not  the  frequency  shift.  Since  the  test 
medium  of  interest  is  air  at  standard  conditions,  the  index  of  refraction  is 
essentially  constant  with  value  n = 1.  It  will  be  assumed  constant  and  no 
further  reference  will  be  made  to  it. 

The  specific  application  of  the  Doppler  principle  to  LV  involves  beating 
(or  heterodyning)  two  signals  to  produce  a signal  with  frequency  corresponding 
to  the  shift  only.  In  principle  one  could  observe  the  frequency  of  the 
scattered  (reflected)  light  directly.  In  practice,  this  frequency  is  too  high 
10^5  Hz)  for  most  equipment  to  respond  accurately;  in  addition,  the  percent- 
age change  in  frequency  due  to  the  velocity  of  the  target  relative  to  this 
incident  frequency  (typically  a maximum  of  l/io'^)  is  so  sm.all  as  to  p'reelude 
adequate  resolution  of  the  data.  Historically,  the  first  techniques  utilizeci 
the  scattered  light  together  with  a small  fraction  of  the  incident  light,  (no 
called  "reference  beam"  LV ) . 


Ill 


'^ile  certain  applications  are  best  siiited  to  reference  bear;  probing 
(e.g.,  flows  with  many  particles),  the  current  test  was  conciucted  with  the 
"fringe  mode"  or  "dua i-scntter"  LV  optics  (Fig.  35).  With  this  arrarigement , 
scattered  ligiit  is  collected  from  light  incident  from  two  directions,  e and 
ep.  As  such  the  frequency  shift  f^^,  is  related  to  relevant  paraj',eters  t.y 

^(6,-62)  2USin((=)/2)  . , 

'■>= — ^ — = j — 

where  0,  as  shown  in  Fig.  35,  is  tiie  angle  between  tiie  beams.  In  general,  the 
target  velocity  will  not  be  in  the  direction  shown.  The  measured  velocity  is 
that  component  in  the  direction  shown  (i.e.,  in  the  plane  of  the  two  beams, 
perpendicular  to  the  bisector  of  the  two  beams).  The  velocity  component  of 
solid  particles  moving  through  a "probe  volume",  which  is  the  intersection  of 
the  two  incident  beams,  at  focal  length,  d,  is  measured. 

Several  items  should  be  noted  with  regard  to  the  dual-scattcr  arrange- 
ment. Fir.'",  not®  the  lack  of  dependence  in  Eq.  (l)  of  fj^  upon  the  scattering 
(reflection;  lirection.  An  such,  the  reflected  light  collection  angle  is  pre- 
scribe! to  meet  the  !-e jui rements  of  the  available  equipment  and/or  test  facil- 
i*y.  maximise  the  signal/noise  ratio,  the  collection  solid  angle  is  typi- 

c.'j.lly  .as  large  'iS  possible  by  using  a sufficiently  large  collecting  lens, 

.•'wti.  '.g':.  f-  is  Independent  of  scattering  direction,  the  amplitude  of  the  signal 
i.'  r..  • . In  general,  where  possible,  collection  as  close  to  the  forward  direc- 
tl.i.  a.'  practica. , maximizes  the  signal/noise  ratio.  Also,  note  that,  for  a 
.■:!'.-en  wav.-l  eng' a , the  frequency-velocity  relationship  is  linear  and  dependent 
..pon  tl.c  angj  e (•)  only . 

'"I'.e  l.V  system  cannot  distinguish  between  jt^f^  in  Eq.  (1)  because  of  the 
mi.xing  .d;.ar.acteristics  of  the  photomultiplier  used  to  convert  the  scattered 
light  into  an  electrical  signal  for  subsequent  processing.  As  such,  the 
system,  cannot  distinguish  velocity  direction  (i.e.,  _+U).  For  applications  with 
fiO'w  reversal,  this  restriction  is  severe.  However,  unlike  hot-wire  anemom.eiry 
for  example,  LV  optics  can  be  modified  to  allow  direction  to  be  determined  over 
a limited  range  of  velocities.  By  installing  a Bragg  cell  (or  similar  fre- 
1 lency-shifting  device)  into  one  of  the  incident  beams,  its  wavelength  is 
changed  very  slightly.  The  net  result  is  a nonzero  Doppler  shift  for  zero 
velocity;  i.e.,  Eq.  (l)  becomes 


2U  Sin(0  /?) 
h = X ■ 


(2) 


where  fg  is  the  frequency  offset  due  to  the  Bragg  cell.  The  effect  can  be  seen 
in  Fig.  36.  Note  that  the  slope  of  the  frequency-velocit.y  calibration,  a,  is 
defined  by 
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and  is  independent  of  the  use  of  a Bragg  cell.  As  mentioned  previously, 
unless  the  direction  can  be  inferred  from  other  sources,  given  a measured  fjj 
with  no  Bragg  Celi  , only  the  velocity  magnitude  can  be  calculated  from  Eq.  (l). 
Witn  a Bragg  CeM , note  that  the  frequency- velocity  relationship  is  unique  for 
any  To  the  extent  that  fg  can  be  varied,  ^ (velocity  at  which 

fp  = O)  can  be  selected  to  be  less  than  any  velocity  anticipated. 


HOVER  FACILITY  LV  SYSTEM 


The  application  of  laser  velocimetry  to  helicopter  flow  documentation 
required  special  considerations  to  address  flow  and  geometric  features  peculiar 
to  the  problem.  Specifically,  the  system  had  to  include  (l)  sensing  approxi- 
mately five  feet  from  the  optics,  (2)  backscatter  collection,  (3)  artificial 
seeding,  (U)  velocity  direction  sensitivity,  and  conditional  sampling  relative 
to  rotor  position.  Previous  experience  at  UTRC  in  applying  LV  techniques  to 
a model  helicopter  rotor  (described  in  Ref.  11)  was  used  to  develop  the  LV 
system  and  procedures  for  this  test  program.  Details  of  the  system  used  to 
meet  the  above  requirements  for  the  hover  test  program  are  discussed  in  the 
following  paragraphs. 

A general  view  of  the  optics  system  together  with  the  seedant  probes  and 
the  first-stage  signal  processing  equipment  are  shown  in  Fig.  9.  The  optics, 
including  transmitting  components,  collecting  lens,  laser  head,  and  photo- 
multiplier are  shown  mounted  on  a single-direction,  remotely  controlled  tra- 
versing system.  This  system  had  the  capability  for  aligning  the  traversing 
direction  along  the  rocket  trajectories.  Two  seedant  probes  are  shown  in 
Fig.  9:  one  above  the  rotor  plane  which  moved  with  the  traversing  system,  and 

one  mounted  in  the  vertical  plane  outside  the  wake  (r  = l.^j).  Each  probe  had 

two  outlets  to  increase  the  seeding  coverage  while  reducing  the  seed  exit 

velocities  from  the  probe.  The  electronic  instrumentation  shown  in  Fig.  9 
were  used  to  adjust  the  value  of  fg  in  Eq.  (2)  and  to  amplify  the  signal  before 
transmission  via  cable  to  the  control  room.  ITie  model  is  shown  in  the  position 
used  for  wind  sensor  measurements.  (The  model  was  rotated  90  degrees  for 
rocket  trajectory  measurements.) 

The  LV  optics  are  shown  in  greater  detail  in  Figs.  10  and  11.  Fig.  11 
shows  schematically  the  LV  optical  arrangement  shown  photographically  in 
Fig.  10.  The  Laser  beam  was  emitted  from  the  upper  end  of  the  laser  head  as 
showti  in  these  figures.  After  the  beam  was  turned  90  degrees  with  a mirror, 

it  entered  the  transmitting  optics  where  the  beam  was  divided  into  two  beams, 

passed  through  a Bragg  Cell,  and  focused  with  the  transmitting  lens.  Ibe  beams 
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had  a 55  ran  separation  at  the  transmitting  lens  and  were  focused  l600  rnm 

(6l  inches)  from  the  lens  surface.  With  the  fp  = 2 Miiz  tised  for  the  tests,  ; 

the  velocity  range  was  from  -60  ft/sec  to  l60  ft/sec.  The  sign  of  the  velocity 

was  selected  to  meet  requirements  of  testing.  For  vertical  velocity  measure-  ■ 

merits  for  example,  the  largest  velocities  were  expected  downward  from  the  rotor. 

Thus,  for  the  purposes  of  processing,  positive  velocity  is  indicative  of  down- 
wash.  For  the  purposes  of  data  analysis  and  reporting,  the  sign  of  the  veloc- 
ity was  changed  to  conform  to  more  typical  helicopter  convention.  Scattered 
light  was  collected  15  degrees  off  the  direct  backward  scatter  direction. 

Backward  scatter  was  dictated  by  the  remote-control  requirement  for  testing. 

Collection  off  axis  reduced  the  effective  measuring  volume  ("probe  volume")  to 
an  acceptable  size  (approximately  0.05  inches  in  diameter  by  0.10  inches  long). 

The  collected  light  was  redirected  by  a mirror  to  focus  on  the  photom.ultip. ier 

aperture.  The  collection  lens  had  a four  inch  diameter  and  2h  inch  focal  ; 

length.  The  magnification  of  the  collection  optics  was  approximately  1.".  I 

As  is  often  the  case  with  any  LV  application,  seeding  was  of  i>rime  imj."*'-  ^ 

tance  for  the  current  program.  LV  is  a technique  which  measures  the  ve.ocity 
of  particles,  not  gas  molecules.  As  such,  the  particles  must  accurately  tra>-k 
the  flow  velocities  to  yield  reliable  results.  Artificial  seeding  was  intr' - 
auced  into  the  flow  pattern  using  the  two  probes  shown  in  Fig.  Q.  Positionin.- 
of  the  probes  was  based  on  results  of  flow  visualization  testing  so  as  to  see  i 
all  areas  which  contributed  to  the  flow  at  any  given  measurement  point.  This 
is  particularly  Important  for  the  current  application.  At  many  locations  the 
flow  represented  contributions  from  many  sources;  failure  to  seed  all  sources 
would  preclude  accurate  sampling  of  all  velocities  at  the  measurement  location, 
thus  introducing  a bias  to  the  results.  Union  Carbide  B;ikelite  Ihenolic 
"Microballoon"  particles  were  selected  for  seeding.  These  seedant  particles 
have  the  advantage  of  a relatively  low  density  (0.15  g/cc'j.  As  such  their 
larger  size  (average  diameter  of  0.0017  inches)  did  not  preclude  their  follow- 
ing the  flow  accurately.  The  larger  size  was  helpful  in  maximizing  the  signal/ 
noise  ratio  given  the  small  collection  solid  angle  imposed  by  the  necessity  of 
testing  at  large  distances  from  the  collection  lens.  Particles  were  injected 
by  using  compressed  air  passing  through  a fluidized  bed  seeder.  Measurements 
at  the  seedant  probe  exits  with  the  seeders  operating  at  test  conditions  showed 
the  particle  velocities  to  be  less  than  one  ft/sec.  Tiii-  was  necessary  given 
that  the  seeding  was  being  introduced  in  essentially  ambient  air;  large  parti- 
cle exit  velocities  would  increase  the  probability  of  data  biasing  through 
particles  not  tracking  the  local  flow  accurately.  Most  of  the  particles  di(i 
track  the  sometimes  large  velocity  and  direction  changes.  Tlie  largest  parti- 
cles would  not  always  do  so, however.  Fortunately  in  those  instances,  the 
large  particle  velocities  were  quite  different  from  the  gas  velocities 
(obtained  from  the  more  numerous  smaller  particles)  and  were  discai-ded  during 
data  editing. 


LV  DATA  PROCESGING 


LV  data  were  processed  utilizing  a single  realization  counter  connected 
directly  to  an  on-line  PDP  ll/lO  computer  (Figs.  12  and  13).  The  counter/ 
processor  performed  several  tasks  on  the  photomultiplier-signal.  Tlie  photo- 
multiplier signal  (Fig.  37a)  has  a Gaussian  shape  because  of  the  Gaussiai;  vari- 
ation of  the  incident  intensity  across  the  beam  cross-section.  Each  particle 
generates  a similar  signal.  As  the  voltage  exceeds  a preset  trigger  level 
(allowing  discrimination  from  the  backgrouiid  electronic  noise),  the  signal  is 
processed  in  the  counter.  In  addition  to  bandpass  filtering  and  amplifying 
the  input  signal  (Fig.  37b),  the  processor  does  a validity  check  on  the  Doppler 
frequency  samples  from  individual  particles.  Briefly,  two  125  .'-Hz  clocks  are 
started  by  the  scope  trigger.  One  counts  five  zero  crossings;  the  other  counts 
eigh.t  zero  crossings.  The  times  are  required  to  agree  (multiplied  appropri- 
ately by  the  factor  8/5)  within  a preset  tolerance.  For  the  hover  tests,  the 
agreement  was  required  to  be  within  1.5  percent,  lliis  validation  insures  that 
data  is  acquired  from  a single  particle  (one  particle  at  a time).  Valid 
signals  are  transmitted  digitally  to  the  Mode  Control  Interface  (Fig.  12). 

The  Mode  Control  Interface  (MCI)  has  two  primary  functions.  The  first  is 
to  take  the  processor  output  signal  and  input  it  to  the  computer.  In  addition, 
for  each  valid  sample,  the  interface  has  the  capability  to  read  the  sample 
arrival  time  relative  to  some  external  marker.  For  the  present  hover  tests, 
the  external  marker  was  generated  by  a once/revolution  induction  pickup 
attached  to  the  rotor  shaft.  This  permitted  all  velocity  measurements  to  be 
related  in  time  to  rotor  blade  azimuth  position,  ip.  The  once/revolutiun  signal 
was  converted  to  an  acceptable  pulse  utilizing  the  Pulse  Detector  on  the  console 
and  fed  to  the  MCI.  The  "clock"  actually  counts  pulses  from  an  internal  fre- 
quency generator.  The  MCI  can  accurately  time  flows  with  periods  ranging  from 
100  ^seconds  up  to  60  seconds.  Although  the  MCI  can  accoram.odate  three  proces- 
sor signals  simultaneously,  additional  computer  interfacing  is  required.  This 
hardware  is  currently  under  construction  at  UTRC,  but  the  hover  tests  were 
limited  to  a single  channel  (one  velocity  component  measurement  at  a time). 

Helicopter  LV  data  is  most  valuable  when  presented  relative  to  given  rotor 
orientation.  For  this  test,  data  were  repeatedly  acquired  for  twenty  time 
increments  per  each  rotor  revolution.  Each  time  increment  corresponded  to  l8 
degrees  of  blade  azimuth  travel  (At|/)  and  was  appropriately  related  to  the  rotor 
azimuth  reference  (i|j  ~ O)  which  corresponded  to  a blade  azimuth  position  over 
the  tail  of  the  model  helicopter. 

The  computer  was  used  to  organize  the  data  and  calculate  the  mean  velocity, 
Vj^ , for  each  blade  azimuth  segment,  Aij/j , as  related  to  each  of  the  20  blade 
positions,  Also  calculated  were  the  ovt?rall  time-averaged  velocity,  v, 

and  PMG  value  for  both  all  data  irrespective  of  rotor  position  ami  weighting 
the  data  for  eacii  azimuth  segment  equally  (a  more  accurate  repn  r.entat ion  of 
the  overall  time-average).  If  each  azimuth  segment  had  the  .-.ame  numt'er*  of 


velocity  samples  (seedant  particles),  the  two  overall  time-averafied  valiies 
would  apree.  The  velocity  calculations  are  described  in  greater  detail  below. 

The  two  digital  words  from  each  valid  sample,  Doppler  period  and  arrival 
time,  are  inputttHi  into  the  computer  buffer.  The  progrran  calculates  the  veloc- 
ity and  catalogs  it  in  the  appropriate  Ail/,  location.  As  mentioned  above.  Ail. 

IS  a segment  of  the  blade  360°  azimuth  travel , and  twenty  segments  were  used 
(i.e..  All-  = l8°).  For  each  segment,  the  mean  velocity 
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and  roc+ -mean-square  velocity 
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were  calculated.  The  are  the  actual  number  of  seedant  particle  sfimples  for 

the  i^*^  segment  (typically,  25).  After  the  v^  are  calculated  the  overall  time- 
averaged  velocity 
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was  calculated.  Data  outputs  included  vj^,  and  v i for  each  of  tlie  twenty 
segments  as  well  as  the  overall  time-average  values.  Hie  more  meaningful 
time-average  velocity,  v,  of  Eq.  (6)  was  used  for  the  data  presented  herein. 

All  data  samples  (Doppler  period  and  arrival  time)  were  stored  on  cassette 
tapes  (Figs.  1?  and  13)  for  subsequent  editing.  Two  main  sources  of  unaccept- 
able data  are  occasionally  inputted  into  the  computer.  The  first  is  samples 
from  particles  not  accurately  tracking  the  flow.  As  mentioned  previously,  the 
wide  range  in  particle  sizes  (especially  with  some  agglomeration)  results  in 
occasional  bad  samples  (usually  less  than  10  percent  of  the  total  number  of 
samples).  Since  the  LV  measures  only  particle  velocity,  it  cannot  distinguish 
between  particles  following  or  not  following  the  flow.  Also,  with  any  elec- 
tronic system,  occasional  samples  from  the  noise  signal  will  be  validated  and 
inputted  to  the  computer. 

Data  editing  was  conducted  to  remove  these  unacceptable  sample:-.  Editing 
was  performed  at  a later  time  so  as  not  to  slow  the  data  acquisition  progress. 
P'or  each  LV  data  segment,  Ail< . , a histogram  (plot  of  number  of  samples  vs.  veloc- 
ity) is  displayed  on  the  computer  oscilloscope.  Since  most  of  tlie  sjunpics 


accurately  reflect  the  airflow  velocity,  the  unacceptable  samples  will  not 
fit  within  the  histogram.  The  operator  instructs  the  computer  to  ignore  these 
sjirapies  and  an  edited  set  of  results  are  calculated.  For  future  reference,  tiie 
edited  and  the  unedited  results  are  printed  as  outputs. 

For  the  hover  test,  the  velocity  component  V2^,  perpendicular  to  tlie 
rocket  trajectory  was  the  primary  measurement.  For  selected  cases  (Including 
wind  sensor  locations)  the  other  velocity  components  were  measured.  Typically 
500  sftmples  were  taken  for  each  location/flow  condition  combination.  Accuracy 
is  dependent  upon  local  turbulence  level  and  number  of  samples:  as  turbulence 

intensity  decreases  ani/or  number  of  samples  increases,  accuracy  is  improved. 
Accviracy  is  usually  stated  in  terms  of  probable  error.  Probable  error  is 
defined  as  the  error  band  around  the  true  value  within  wliich  68  percent  of  the 
statistical  results  would  fall,  given  K samples.  Sped  i'i  rally , for  the  mean 
value , 


V i (meos)  - Vi  (true) 

vj ( true) 

1 t lysT 

and  for  the  RMS  value 

Vj  (m#Q*)-v'j  (true) 

1 1 

v'j  (true) 

Ni-i 

(7) 


(8) 


Tlie  right-hand  side  of  (7)  and  (8)  represent  the  probable  errors;  again,  this 
means  that  68  percent  of  the  time  repeated  sets  of  samples  at  one  location 
would  result  in  (7)  and  (8)  being  satisfied.  For  the  hover  test,  the  probable 
error  for  the  mean  velocities  at  any  segment  from  (7),  ranged  from  1 per- 

cent for  low  turbulence-high  sample  segments  to  20  percent  for  high  turbulence- 
low  sample  segments.  The  probable  error  for  most  of  the  segments  was  near  the 
lower  limit  of  the  range.  This  is  evident  in  the  repeatability  of  the  data 
in  Fig.  39  (to  be  discussed).  Based  upon  (8),  the  probable  error  in  RMS  was 
typically  15  percent  or  liigher;  thus  any  RMS  results  are  presented  only  to 
indicate  trends  (i.e.,  high  or  low  fluctuations)  and  should  not  be  taken  as 
absolute  RMS  profiles.  It  will  be  shown  that  the  general  repeatability  of  the 
time-averaged  flow  velocity  data  was  within  approximately  3 fps. 


FLOW  VELOCITY  (lASER  VELOCIMETER)  DATA 


In  this  section, the  laser  velociineter  data  is  presented  and  compared  for 
rocket  trajectory  and  wind  sensor  locations.  Presentation  of  the  LV  data  is 
preceded  by  the  following  description  of  the  flow  velocity  scaling  procedure 
applied  to  the  model  LV  data  to  transform  the  data  to  be  representative  of  tie 
operational  hover  condition  of  the  full-scale  AH-IG. 


FLOW  VELOCITY  SCALING 

As  mentioned  earlier,  the  model  rotor  tip  speed  (hg'J  fps ) was  two-thirds 
of  the  full-scale  AH-IG  value  (7^6  fps).  Tn  order  to  present  flow  velocity 
data  representative  of  full-scale  values,  appropriate  velocity  scale  factors 
were  applied. 

The  fundamental  relation  used  for  scaling  is  the  following  equation  for 
the  uniform  induced  velocity  at  a hovering  rotor  based  on  momentum  principles: 


Equation  ( 9)  indicates  that  the  induced  flow  velocity  is  proportional  to 
rotor  tip  speed  and  the  square-root  of  the  thrust  coefficient.  A velocity 
scale  factor,  defined  in  Eq.  (lo),  was  thus  applied  to  the  data. 


Vg  = [^Velocity  scale  factor jv, 


(^^R)2 

/ (Ct)2  V/2] 

(XlR), 

1 (Ct),  ) 

(10) 


The  model  LV  data  for  the  reference  rotor,  isolated  rotor,  modified  canopy, 
and  in-ground-effect  configurations/conditions  were  scaled  to  the  full-scale 
tip  speed  with  a Velocity  Scale  Factor  of  1.5.  For  consistency  and  purposes 
of  comparison,  the  model  LV  data  for  the  modified  thrust  coefficient  and  modi- 
fied tip  speed  conditions  were  also  scaled  to  the  reference  full-scale  condi- 
tion representing  the  AH-IG  gross  weight  and  operational  tip  speed.  This 
permitted  a check  on  the  scaling  procedure  through  direct  comparison  of  velocity 
plots.  Tt  should  be  recognized  that  the  actual  flow  velocities  measured  for 
the  model  rotor  operation  can  be  reconstructed  by  dividing  by  the  scale  factor. 
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Also,  the  flow  velocities  representative  of  full-scale  operation  at  the  reduced 
thrust  and  tip  speed  conditions  can  he  determined  by  dividing  by  1.15  (from 
1.73/1.5)  and  1.33  (from  2. 0/1. 5),  respectively. 

As  mentioned  earlier,  the  above  scaling  procedure  has  been  examined  in  past 
investigations  as  described  in  Refs.  12  and  lU.  A summary  of  the  Velocity  Scale 
Factors  is  presented  in  Table  T.  Also  included  in  Table  7 are  the  momentum 
induced  velocity  values  (vi[^^Qf,j  from  Eq.  11 ) for  the  model  test  conditions.  The 
value  of  for  the  full-scale  AH-IG  operating  condition  (C,p  = 0.00)472, 

QR  = 'jU6  fps)  is  3)^.2  fps. 

TABLE  7-  Flow  Velocity  Scale  Factors 


Test  Configuration/Condition 

Velocity  Scale  Factor 
(For  Scaling  to  Full-Scale 
AH-IG  Condition) 

Model 

V • 

^MOM 

fps 

Reference 

1.5 

2I4.I 

Isolated  Rotor 

1.5 

2)1.1 

Modified  Canopy 

1.5 

2I4.I 

IGE  (All  Conditions) 

1.5 

2I4.I 

Modified  Thrust 

1.73 

20.9 

Modified  Tip  Speed 

2.0  — 

18.1 

ROCKET  TRAJECTORY  LV  DATA 


Prior  to  presenting  the  LV  data  for  all  configurations,  conditions  and 
rocket  trajectory  locations,  the  data  for  one  rocket  trajectory  of  the  reference 
configuration  operating  at  the  reference  condition  is  presented  to  describe  tlie 
fundamental  flow  velocity  characteristics.  The  LV  data  substantiated  the  rocket 
trajectory  flow  characteristics  identified  theoretically  in  Refs.  6 and  7, 
and  the  following  observations  are  consistent  with  those  presented  in  tliese 
references . 

Time-averaged  and  time  history  data  for  the  velocity  component  in  the 
vertical  plane  and  normal  to  the  rocket  trajectory  (vzip)  are  presented  in 
Figs.  38  through  >40.  The  variation  of  the  time-averaged  Vgrp  velocity  com- 
ponent at  rocket  trajectory  No.  I4  is  presented  in  Fig.  38  along  witli  poak-to- 


peak  limits  at  each  point.  The  peak-to-peak  limits  for  each  rocket  trajec- 
tory point  correspond  to  the  peaks  of  the  mean  time  variation  (rotor  azimuth 
variation)  such  as  those  of  Fig.  39.*  Since  the  effect  of  the  stub  wing  was 
found  to  be  insignificant,  except  in  the  immediate  vicinity  of  the  wing,  the 
test  data  in  this  figure  have  been  supplemented  with  rotor- fusel  age  data  in 
-the  outer  wake  area.  The  time-averaged  Vzij.  velocity  component  increases 
from  appropriately  35  fps  to  70  fps  (downward)  going  from  the  rocket  launcli 
position  (xrp  = O)  to  the  intersection  of  the  trajectory  with  the  wake  boundary. 
The  wake  boundary , . where  the  tip  vortices  intersect  rocket  trajectory  IJo.  ■• , was 
determined  from  the  flow  visualization  results  to  be  at  approximately 
Xrp  = 0.75  for  the  reference  configuration/condition.  The  increasing  down- 
wash  trend  over  the  inner  wake  portion  of  the  rocket  trajectory  is  con- 
sistent with  the  fact  that  the  rocket  launch  position  is  near  the  center  of 
the  wake  in  hover,  and  the  downwash  in  the  hovering  rotor  wake  is  known  to 
increase  with  radial  position  (Ref.  12).  Moving  from  inside  to  outside  the 
wake  boundary,  an  abrupt  change  in  velocity  occurs  in  both  magnitude  and 
direction  (downflow  to  upflow).  The  upflow  is  not  nearly  as  severe  as  the 
downflow  because  the  contributions  of  the  tip  vortices  and  the  i.nboard  wake 
are  opposing  outside  of  the  wake,  whereas  they  are  additive  just  inside  the 
wake  boundary.  As  the  rocket  moves  away  from  the  wake,  the  velocity  decreases 
as  expected  and  is  close  to  zero  beyond  x^  = 1.2. 

The  flow  velocities  at  each  rocket  trajectory  point  vary  with  time  even 
in  hover  due  to  the  rotation  of  the  blades  and  the  associated  passage  of  the 
wake  elements  by  the  points.  The  periodic  time  variation  of  the  flow  velocity 
at  points  on  the  rocket  trajectory  are  indicated  in  Figs.  38  and  39  by  the 
peak-to-peak  limits  and  the  time-history  variations  with  rotor  azimuth, 
respectively. 

In  Fig.  39,  the  time  variation  of  the  velocity  component  is  presented 
for  the  reference  configuration  and  condition  at  selected  points  along  rocket 
trajectory  No.  U (x^  = 0.025,  0.2,  0.6,  0.68,  0.73,  0.8,  and  1.2).  The  mean 
of  the  instantaneous  velocities  (measured  velocities  of  individual  seedanL 
particles)  is  Indicated  at  each  blade  azimuth  by  a symbol.  Since  ideally, 
the  flow  velocities  at  a point  below  a two-bladed  rotor  are  periodic  with 
each  half-rotor  revolution  (2  per  rev),  the  LV  time-history  data  are  plotted 
over  a l80  deg  rotor  azimuth  range.  The  azimuth  positions  for  both  blades 
are  indicated,  and  different  symbols  are  used  to  distinguish  between  data 
taken  for  the  first  and  second  half  of  the  rotor  revolution.  Data  were  taken 


*In  determining  the  peaks,  individual  mean  LV  data  points  were  used  instead 
of  the  faired  curves, to  show  the  maximum  measured  mean  deviations  from  the 
time-averaged  values. 
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for  many  revolutions  (normally  imtil  the  velocities  of  500  s«iedant  particles 
were  measured),  and  the  symbols  represent  the  mean  value  at  each  rotor 
azimuth  position.  The  RMS  deviation,  indicating  the  unsteadiness  (nonperiodicity , 
of  the  flow  for  numerous  rotor  revolutions  is  indicated  in  Fig.  39  by  the 
brackets . 

For  rocket  trajectory  points  well  inside  the  rotor  wake  (see  Fig.  38  and 
= 0.025,  0.2,  and  0.6  in  Fig.  39),  the  time  variation  of  the  mean  velocity 
is  relatively  small.  As  the  wake  boundau’y  intersection  (x^  = 0.75)  is 
approached,  the  peak-Lo-peak  velocity  variation  increases  (see  x,^  = 0.63  in 
Figs.  38  and  39),  and  near  the  wake  boundary  (x^  = 0.73)  the  peak-to-peak 
variation  increases  significantly.  In  the  vicinity  of  the  wake  boundary,  a 
Vj,^  velocity  of  approximat ley  100  fps  was  measured  when  the  tip  vortex  passed 
by  the  rocket  trajectory  point.  It  is  possible  that  somewhat  greater  velocities 
might  have  been  measured  in  this  region  if  the  centrifuging  effect  of  the  tip 
vortex  didn't  limit  the  number  of  seedant  particles  passing  through  the  LV 
probe  volume  (discussed  below).  It  is  noted  that  the  100  fps  flow  velocity 
is  similar  in  magnitude  to  the  initial  2.75  in.  rocket  launch  velocity. 

The  cyclic  nature  of  the  induced  flow  at  a frequency  of  once-per-blade- 
passage  (2  per  rev)  is  a direct  result  of  the  passage  of  the  tip  vortices,  and 
to  a lesser  extent  the  inboard  vortex  sheets,  past  the  trajectory  point.  The 
peak  downward  velocity  occurs  when  the  tip  vortex  is  close  to  the  point.  Where 
the  magnitude  of  the  velocity  is  low  near  the  wake  bou!idary  (e.g.,  @ = 90 

deg  for  x,p  = 0.73  in  Fig.  39)>  the  trajectory  passes  approximately  mid-way 
between  the  tip  vortices  at  this  rotor  position. 


The  peak-to-peak  velocity  variation  decreases  as  the  rocket  trajectory 
points  extend  beyond  the  wake,  and  as  shown  in  Fig.  39  at  x,j,  = !.2,  the 
velocity  time  variation  is  small.  In  fact,  the  variation  that  did  occur  was 
found  to  be  essentially  the  random  turbulence  in  the  ambient  air  as 
influenced  somewhat  by  the  rotor  operation. 


As  noted  above  and  indicated  in  Fig.  39  (at  = 0.73),  the  extent  of  the 

LV  data  was  somewhat  limited  in  the  vicinity  of  the  tip  vortices.  In  Fig. 

1^0  (a)  and  (b),  the  number  of  flow  seedant  particles  that  passed  tlirough  the 
LV  focal  point  ("probe  volume")  during  the  period  of  time  their  velocities 
were  being  measured  at  x^  = 0.65  and  0.73  is  plotted  along  with  the  flow 
velocity  azimuth  variation.  Although  the  velocities  of  250  to  '^OO  particles 
were  normally  measured  for  each  focal  point  position  (rocket  trajectory 
position),  it  is  shown  in  these  figures  that  the  distribution  of  particles 
was  not  always  uniform  with  blade  azimuth  position.  At  points  away  from  the 
wake  boundary,  the  azimuth  distribution  of  seedant  particles  was  fairly 
uniform.  Near  the  wake  boundary,  very  few  particles  passed  througii  the 
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"probe  volume"  when  a tip  vortex  was  in  close  proximity.  This  is  evident 
near  ip  = 90  deg  in  Fig.  i*0.  Although  the  velocity  data  generally  appeared 
to  be  reasonable,  even  for  blade  azimuths  with  few  particles,  acknowledgement 
of  this  particle  variation  led  to  the  requirement  for  additional  editing  of 
the  LV  data.  Also,  for  points  in  the  immediate  vicinity  of  the  wake  boundary, 
there  was  a complete  absence  of  particles  at  some  azimuth  locations  which 
influenced  the  accuracy  of  the  peak-to-peak  and  time-averaged  velocities  in 
this  region.  One  possible  cause  of  this  problem,  the  centrifuging  of  seedant 
particles  by  the  tip  vortices,  could  possibly  be  eliminated  through  the  use 
of  smaller,  lighter  seedant  particles.  This  shall  be  investigated  for  the 
forthcoming  wind  tunnel  test  program.  In  addition,  the  sensitivity  to  seedant 
soui'ce  location  shall  be  Investigated  further. 

The  r.caled  LV  data  representing  the  time-averaged  and  peak-to-peak  flow 
velocities  at  the  rocket  trajectories  for  all  model  test  configurations  and 
conditions  are  presented  in  Figs,  i*!  to  62.  Comparisons  of  the  time-averaged 
velocity  data  for  various  rocket  trajectory  locations,  test  configurations, 
and  conditions  are  presented  in  Figs.  63  through  TO.  A discussion  of  the 
LV  data  as  presented  and  compared  follows  below. 

Isolated  Rotor  LV  Data 


LV  data  along  a line  parallel  to  and  in  the  plane  of  rocket  trajectories 
i through  U were  taken  beneath  the  centerline  of  the  rotor  (at  y,j,  = O)  in  the 
early  jiortion  of  the  test  progra.m.  With  the  exception  of  the  small  tilt  angle 
(rocket  attitude  = T deg),  this  line  represents  a radial  line  at  the  trajectory 
elevation  below  the  rotor.  lieglecting  the  generally  insignificant  contribu- 
tions of  the  small  slipstream  rotation  components  (v  and  v ) to  the  tilted 
v^  component,  the  v^^^^  velocities  were  anticipated  to  be  symmetrical*  (inde- 
peSdent  of  azimuth  ani  equivalent  at  equal  radial  positions).  This  allowed 
the  LV  data  at  y^p  = 0 to  be  transformed  to  other  locations  at  the  same 
elevation,  and  thus  transformation  to  the  rocket  trajectory  locations  of 
interest.  Plots  of  the  scaled  time-averaged  and  peak  v^  velocity  component 
at  the  yr,  = 0 line,  rocket  trajectory  no.  U (y  = 0.22  — transformed  and 
non-transformed  data)  and  rocket  trajectory  no.  3 (transformed  data)  are 
presented  in  Figs.  I4I  through  L5  for  the  isolated  rotor  as  operated  at  the 
reference  condition. 

In  Figs.  Ul  and  UP,  it  is  noted  that  the  data  are  incomplete  at  points 
near  the  wake  boundary.  This  is  to  indicate  that  the  earlier  described  seedant 
particle  limitation  at  azimuths  corresponding  to  a close  tip  vortex  passage 
applied  at  the  noted  wake  boundary  points.  The  peak-to-peak  data,  in  particular. 


*It  was  recognized  that  flow  symmetry  applies  only  to  the  isolated  rotor 
configuration.  The  fuselage  presence  can  produce  a dj ssymmetry . 


should  be  considered  as  approximate  for  such  points.  This  generally  applies  I 

to  most  data  taken  at  the  wake  boundary,  and  thus  identification  of  sucii  ^ 

points  will  not  be  rej)eated  in  subsequent  figures.  To  compare  the  repeata-  ^ 

biiity  oi  the  LV  data,  repeat  data  taken  at  yrji  = 0 and  transformed  to  rocket  I 

trajectory  no.  h are  presented  for  the  vicinity  of  the  wake  boundary  in  Fig.  1+3. 

Away  from  the  wake  boundary,  the  data  repeats  well.  However,  near  the  wake  ' 

boundary,  where  the  large  gradient  occurs,  the  repeatability  is  not  as  ; 

good.  This  is  attributable  to  both  the  seedant  limitation  mentioned  above  j 

and  unsteadiness  of  the  flow  in  this  region,  beviations  were  even  greater 
than  those  of  Fig.  1*3  for  some  of  the  otiier  configurations  and  conditions. 

Although  the  deviations  should  be  recognized  and  their  sources  investigated 
further  in  future  test  programs,  the  overall  data,  when  faired  and  compared, 
satisfied  the  objectives  of  the  test  program. 

In  Fig.  63,  the  fairings  of  the  time-average  data  of  Figs.  1*1  through  1*5 
are  compared  to  show  both  the  effects  of  rocket  trajectory  location  and  trans- 
formation ot  data  from  y.j,  = g for  the  isolated  rotor.  A direct  comparison 
of  the  transformed  LV  data  fairing  from  Fig.  1*2  with  tiie  data  fairing  from 
Fig.  1*1*,  taken  directly  at  rocket  trajectory  no.  U (y  = y.^  = 0.22*),  is  pre- 
sented in  Fig.  63.  The  general  agreement  of  the  data  substantiates  the  , 

transformation  procedure  discussed  above. 

A comparison  of  the  faired  LV  data  for  y = 0 with  the  transformed  3 

data  for  the  various  rocket  trajectories  is  also  included  in  Fig.  63-  ] 

The  downflow  from  the  isolated  rotor  decreases  from  the  outboard  to  the  j 

inboard  rocket  trajectories,  and  the  difference  is  the  greatest  at  the  launch  9 

points  (xrp  = 0).  For  y = 0,  an  upflow  of  2 fps  is  indicated  at  x„  = 0,  and  J 

at  the  rocket  launch  points  downflow  velocities  of  17  and  27  fps  are  indicated  « 

for  trajectory  nos.  2 and  3 (y  = ^ O.16)  and  1 and  1*  (y  = + 0.22),  respectively.  < 

This  is  attributed  to  the  following.  For  the  y = 0 data,  x,j^,  = 0 lies  almost 
directly  beneath  the  rotor  hub  center  (there  r = x - 0,035),  whereas  the 
rocket  launch  points  are  further  out  radially  from  the  axis  of  the  rotor 
(r  = O.16I*  and  0,226,  respectively).  The  differences  in  the  rotor  downwash 

at  the  trajectories  decrease  as  the  wake  boundary  is  approached  due  to  the  * 

decreasing  differential  of  the  radial  coordinates.  It  is  also  shown  in  Fig.  63 

that  the  intersections  of  the  wake  boundary  with  the  trajectory  lines  occur  ^ 

slightly  further  in  on  the  outboard  trajectories.  This  is  consistent  with  the 

relative  geometry  of  the  wake  and  rocket  trajectories  as  shown  for  one  rotor 

azimuth  in  Fig.  16. 

*The  coordinates  y and  y.^  are  equivalent  and  are  used  i nterchajigeably 
herein. 
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Comparisons  of  the  isolated  rotor  LV  data  with  rotor-fuselage  and  rotor- 
fuselage-wing  (reference  configuration)  data  are  presented  in  Fig.  6k  and 
discussed  below. 

Rotor-Fuselage  LV  Data 

Scaled  LV  data  for  the  rotor-fuselage  configuration,  as  tested  at  the 
reference  condition,  are  presented  in  Figs.  k6  and  U7.  The  fairings  of  the 
time-average  data  are  compared  with  those  of  the  isolated  rotor  and 
reference  configurations  in  Fig.  6k.  Considering  the  demonstrated  insignifi- 
cance of  the  effect  of  the  small  stub  wing  at  remote  points,  the  data  in 
Fig.  k^  were  supplemented  with  data  from  the  reference  configuration  {-with 
wing)  an  and  beyond  the  wake  boundary. 

'The  com.parison  of  the  rotor-fuselage  and  isolated  rotor  data  in  Fig.  6k 
(a)  and  (b)  indicates  that  the  effect  of  the  presence  of  the  fuselage  on  the 
time-average  velocity  is  most  significant  in  the  vicinity  of  the  rocket  launch 
points  where  the  fuselage  apparently  increases -the  downflow  by  approximately 
10  fps . The  fuselage  influence  decreases  as  the  wake  boundary  is  approached. 
Some  tendency  toward  an  outward  shift  in  the  LV  data  indicative  of  an  outward 
shift  in  the  wake  boundary,  produced  by  the  fuselage,  is  indicated  in  Fig.  6k. 
A slight  shift  was  anticipated  from  analysis  of  the  flow  visualisation  data 
(Fig.  33)-  Shown  in  Fig.  6!4(d)  is  the  effect  of  rocket  trajectory  location 
for  the  rotor- fuselage  configuration. 

Rotor-Fuselage-Wing  (Reference  Configiiration/Condition ) LV  Data 

Scaled  LV  data  for  the  rotor-fuselage  wing  configuration,  as  tested  at 
the  reference  condition,  are  presented  in  Figs.  !48  through  52.  The  associated 
data  fairings  for  this  reference  configuration/condition  are  com.pared  in 
Figs.  61  through  66. 

In  Fig.  61,  the  close  agreement  of  the  rotor-fuselage-wing  and  rotor- 
fuselage  data  indicates  that,  with  the  exception  of  a small  effect  in  the 
vicinity  of  the  launch  point  which  approximates  the  repeatability  of  the  test 
data,  the  effect  of  the  wing  is  negligible.  As  expected,  the  flow  directly 
beneath  the  wing  (behind  the  launch  point)  is  unsteady  and  influenced  strongly 
by  the  presence  of  the  wing.  This  is  shown  by  the  LV  data  in  Fig.  71,  which 
were  measured  at  several  vertical  locations  beneath  the  wing.  This  reinforces 
the  well  recognized  concept  of  mounting  the  rocket  launchers  such  that  the 
rocket  enters  the  airstream  in  front  of  the  wing. 
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I.V  data  for  a rocket  trajectory  (No.  2)  on  the  opposite  side  of  the 
fuselage  from  the  two  primary  trajectories  (Nos.  3 and  h)  of  the  test  progra;n 
were  acquired  for  the  reference  configuration/condition.  The  data  are 
presented  in  Fig.  50  and  compared  with  the  LV  data  of  the  primary  test 
trajectories  in  Fig.  6'^.  In  the  latter  figure,  a significant  flow  velocity 
difference  is  indicated  between  this  trajectory  on  the  port  side  of  the 
model  and  those  on  the  starboard  side.  As  shown  in  Fig.  50,  this  difference 
is  mainly  based  on  two  data  poirits,  and  thus,  this  finding  should  be  considered 
preliminary.  If  future  investigation  substantiates  this  finding,  it  may  be 
concludeii  that  a dissymetry  in  the  flow  between  the  port  and  starboard  sides 
is  produced  by  the  flow  interference  of  the  fuselage. 

■As  mentioned  earlier,  the  Vzrp  velocity  component  was  of  primary  concern 
in  this  test  program.  However,  in  order  to  demonstrate  the  relatively  lower 
magnitudes  of  the  other  velocity  components,  Vx,p  and  Vy^  data  were  acquired 
at  several  I’ocket  trajectory  points  for  the  reference  configuration/condition. 
The  data  are  presented  in  Fig.  51  and  compared  to  the  v,^  (AVG)  data  in 
Fig.  66.  The  lower  magnitudes  for  the  and  Vy^j,  components  are  consistent 
with  the  theoretical  results  presented  in  Ref.  6. 

Results  for  a rocket  attitude  variation  from  the  reference  7 deg  (trajec- 
tory No.  3)  to  9 deg  (trajectory  No.  5)  are  sho«Ti  in  Figs.  52  and  65-  Since 
the  rotor  operating  condition  and  wake  geometry  are  unchanged,  the  time- 
averaged  velocity  components  do  not  change  extensively  with  the  small  reorien- 
tation in  elevation  of  the  rocket  trajectory  to  the  time-averaged  wake 
geometry.  However,  consistent  with  the  results  shown  in  Ref.  6,  the  velocity 
time  variation  in  the  vicinity  of  the  wake  boundary  was  found  to  experience 
a phase  shift  with  rotor  azimuth  position  due  to  the  rotational  reorientation 
of  the  tip  vortices  with  respect  to  the  trajectory. 

LV  Data  for  the  Modified  Canopy  Configuration 

Scaled  LV  data  for  the  modified  (flat)  canopy  configuration  as  tested 
at  the  reference  condition  are  presented  in  Figs.  53,  5^4,  and  6?.  As  shown 
in  Fig.  6T , relative  to  the  reference  configuration, the  canopy  modification 
tends  to  increase  the  time-averaged  downflow  by  up  to  5 fps  at  the  portion 
of  the  rocket  trajectories  aside  of  the  fuselage  without  significantly 
influencing  the  wake  boundary  data. 

LV  Data  for  the  Modified  Thrust  Condition 


Scaled  LV  data  for  the  reference  configuration 
thrust  condition  are  presented  in  Figs.  55,  , and 
were  measured  at  three- fourths  the  thrust  level  (Cj 
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condit-ioti  (Crp  — 0.00^72)  , 'the  data  were  scaled  to  represent  the  reference 
full-scale  thrust  level.  This  permits  a direct  comparison  of  the  data  with 
the  reference  data,  as  presented  in  Fig,  68,  and  thereby  a valuation  of  the 
scaling  procedure.  The  close  agreement  of  the  data,  particularly  at  rocket 
trajectory  No.  (y  = 0,22),  confirms  the  applicability  of  the  velocity  scaling 
procedure  to  rotor  thrust  level.* 

In  addition  to  influencing  the  magnitude  of  the  flow  velocities,  a change 
of  the  rotor  thrust  coefficient  influences  the  phasing  of  the  velocity  time 
variation  as  related  to  rotor  azimuth.  This  is  attributable  to  the  change  in 
the  rotor  wake  geometry  which  results  in  a reorientation  of  the  wake  relative 
to  each  rocket  trajectory  point,  as  previously  shown  in  the  flow  visualization 
results  of  Figs.  20,  28,  and  33.  The  wake  data  can  be  used  to  estimate  the 
phase  increments  from  one  thrust  level  to  another.  For  example,  in  the  region 
of  the  wake  boundary  where  the  velocity  time  variation  is  of  greatest  signifi- 
cance, the  phasing  increment  can  be  derived  by  relating  the  increment  in  tip 
vortex  spacing  to  the  blade  azimuth  position. 


LV  Data  for  the  Modified  Tip  Speed  Condition 

Scaled  LV  data  for  the  reference  configuration  tested  at  the  modified 
tip  speed  condition  are  presented  in  Figs.  5T , 58,  and  69.  Although  the 
data  were  measured  at  three-fourths  the  tip  speed  (373  fps)  of  the  reference 
test  condition  (i97  fps),  and  one-half  the  full-scale  AH-IG  value  (7^+6  fps), 
the  data  were  scaled  to  represent  the  full-scale  tip  speed.  This  permits  a 
direct  comparison  of  the  data  with  the  scaled  reference  condition  data,  as 
presented  in  Fig.  69,  and  thereby  a valuation  of  the  velocity  scaling 
procedure.  Considering  that  the  velocity  scaling  factor  of  2.0, used  for  the 
modified  tip  speed  condition,  results  in  increments  in  v^^  (AVG)  ranging  from 
8 to  36  fps,  and  that  agreement  of  the  scaled  data  is  within  0 to  7 fps,  the 
following  assessment  is  made.  The  flow  velocity  scaling  procedure  for  rotor 
tip  speed  generally  apnlies  as  has  previously  been  demonstrated  in  other 
experimental  and  theoretical  programs  (described  in  Ref.  12).  However,  the 
low  value  of  the  modified  tip  speed  (373  fps)  and/or  the  presence  of  the 
fuselage  resulted  in  a somewhat  greater  difference  in  the  scaled  time-averaged 
velocities  than  anticipated,  particularly  at  the  inboard  rocket  trajectory 
(y  = 0.16).  This  may  be  related  to  the  unanticipated  dissimilarty  between  the 


*The  small  difference  at  rocket  trajectory  No.  3 (y  = O.16)  indicates  a 
possible  small  deviation  from  the  scaling  procedure  due  to  the  proximity  to 
the  fu.selage.  ilowever,  it  is  recognized  that  the  difference,  approximately 
3 fps,  is  about  the  extent  of  the  repeatibility  of  the  LV  data. 
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wfike  geo.netry  of  tho  two  rotor  blades  evident  in  the  sclilieren  flow  visualiza- 
tion data  described  earlier  and  presented  in  Fig.  21.  Althoug:.  further 
investigation  of  this  observation  is  required,  it  is  conjectured  that  the 
neasured  differences  of  the  scaled  data  are  associated  with  tiie  low  tip  ;'peed 
value,  :-u:d  that  the  scaling  procedure  is  more  accurate  within  ‘'he  higher  tip 
sueed  range  between  tiie  reference  test  condition  and  full-scale  operation. 

Since,  ideally,  tiie  rotor  wake  cocrdi  nates  (nondinensionax  i zed  by  ?. ) are 
independent  of  tip  speed  for  a specific  rotor  design  ai.d  thrust  coefficient, 
there  is  no  pfiase  .xhift  in  the  time  variation  of  the  airflow  t ctw'een  di'^ferent 
tip  speed  conditions.  Of  course,  dissimilariities  due  to  vortex  ur.st'=adi  ness , 
tar  wake  instability,  or  fuselage  influence  would  cause  some  phase  differences. 
The  similar  mear;  wake  characteristics  between  the  reference  and  tne  modified 
tip  speed  condition-  were  shown  in  Fig.  -3.  The  effect  of  the  inter-blade 
vortex  dissimilarity  shown  in  Fig.  21  was  evident  in  producing  a related 
dissimilarity  in  tlie  LV  time  history  data. 

LV  fata  for  fn-dround-Ef feet  Conditions 


Scaled  i.V  data  for  the  reference  configuj-ation  tested  a'^  the  three  in- 
grounci-ef feet  (IGE)  conditions  are  presented  in  Figs.  59  through  62  and  Fig. 

70.  The  three  conditions  simulate  skid  heights  above  ground  of  13.5,  10  and 
0 ft.  The  elevations  of  the  skids  and  rotoi',  nondimensionalized  by  the  rotor 
radius,  are  included  in  Table  3.  No  outstanding  differences  are  noted  between 
the  peak-to-peak  velocity  increments  of  like  points  for  the  IGE  and  OGE 
conditions.  However , substantial  differences  are  observed  in  the  time-averaged 
data. 


Tiie  fairings  of  the  time-averaged  data  are  compared  with  the  reference 
'■GE  condition  in  Fig.  70.  Inside  the  rotor  wake,  the  downflow  at  the  rocket 
trajectories  is  shown  to  decrease  with  decreasing  height.  Also,  tho  outward 
shift  of  the  velocity  profile  with  decreasing  height  is  indicative  of  the 
wake  expansion  observed  in  the  IGE  flow  visualization  data.  The  flow  charac- 
teristic variations  with  ground  height  are  nonlinear.  The  airflow  near  tiie 
launch  point  of  rocket  No.  3 (y  = 0.l6)  is  showm  to  be  most  effected  between 
OGE  and  the  l8.5  ft  skid  height  condition.  The  velocities  in  the  vicitiity  of 
the  wake  boundary  are  most  effected  during  operation  in  very  close  proximity 
to  the  ground  (i.e.,  skid  heights  between  10  ft  and  0 ft).  The  latter  results 
in  the  retention  of  the  high  time-average  downflow  of  approxim.ately  60  fps 
near  the  wake  boundary  until  the  skid  height  becomes  less  than  10  ft.  However, 
for  skid  heights  below  10  ft,  the  reduced  effect  on  tho  rocket  of  the  Lower 
downflow  is  somewhat  compromised  by  the  longer  time  period  the  rocket  is  in  tlie 
wake  downflow. 


Overall,  the  results  indicate  that  a rocket  will  experience  relatively 
lower  downflow  velocities  for  in-ground-effect  operation,  and  thus  should  be 
less  effected  by  the  rotor  wake. 


WIND  SENSOR  LV  DATA 


LV  data  for  the  seven  wind  sensor  locations,  described  previously,  are 
presented  in  Figs.  72  through  T6.  As  shown  in  Fig.  5,  wind  sensor  location 
Nos.  1 through  5 are  aside  the  canopy,  and  wind  sensor  location  ’..us.  6 and  7 
are  in  front  of  the  fuselage  nose.  The  wind  sensor  coordinates  were  presented 
in  Table  5-  The  velocity  coraponents  measured  at  the  wind  sensor  locations 
were  in  the  vertical  (v^,)  and  horizontal  (v^  and  Vy)  directions. 

LV  Data  for  Wind  Sensor  Locations  Aside  of  Canopy 

In  Fig.  72,  the  scaled  time-averaged  downflow  at  wind  sensor  location 
Nos.  1 through  5 is  presented  for  the  isolated  rotor,  reference,  and  modified 
canopy  configurations  as  operated  at  the  reference  condition.  Comparison  of 
the  downflow  at  the  primary  location  No.  if  and  its  counterpart.  No.  1,  on  the 
opposite  side  of  the  fuselage  indicates  close  agreement  for  each  configuration. 
The  generally  linearly  increasing  downflow  from  location  Nos.  2 to  5 corres- 
ponds to  the  general  hovering  flow  velocity  pattern.  That  is,  the  downflow 
increases  as  the  wake  boundary  is  approached.  Consistent  with  the  rocket 
trajectory  data,  the  presence  of  the  fuselage  and  the  modified  canopy  each 
add  an  increment  to  the  downflow.  The  wind  sensor  must  be  located  at  least 
as  far  out  as  location  No.  5 before  the  fuselage  effects  become  small.  The 
flow  velocity  at  location  No.  2 departed  from  the  general  trend  due  to  its 
extreme  close  proximity  to  the  corner  of  the  modified  canopy.  Lastly, 
comparing  the  magnitudes  of  the  downflow  between  that  at  the  wind  sensor 
elevation  and  that  at  points  directly  beneath  on  inboard  rocket  trajectory 
Nos.  2 and  3 (from  prior  figures ),  indicates  a significantly  lower  downflow 
velocity  (approximately  10  fps)  at  the  wind  sensor  elevation  for  all  configura- 
tions in  Fig.  72.  It  will  be  necessary  to  account  for  this  when  the  calibra- 
tion of  wind  sensor  measurements  to  acquire  representative  flow  velocities 
at  rocket  trajectories  is  atte.mpted. 

The  LV  data  for  the  time-averaged  lateral  velocity  component*  is  presented 
in  Fig.  73  for  the  same  configurations.  The  flow  direction  for  all  measure- 
ments is  in  the  direction  of  the  port  side  of  the  aircraft  (negative  v,^). 

This  is  consistent  with  the  anticipated  direction  of  the  lateral  component 
induced  by  the  circulation  of  the  inboard  wake.  Also,  the  magnitude  of  "^he 
sideflow,  for  the  fuselage  included  configurations,  differs  on  opposide  sides 
of  the  fuselage. 
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The  wind  setisor  LV  data  ■f'or  tlie  modified  thrust  condition,  presented  in 
Fig.  iias  been  scaled  for  direct  comparison  with  tlie  reference  condi'_ion 

data.  Similar  to  the  rocket  trajectory  results,  the  general  agreement  of  th'- 
data  indicates  that  the  thrust  coefficient  scaling  procedure  is  valid. 

The  wind  sensor  LV  data  for  the  KIF  (skid  height  = 10  ft)  condition  is 
compared  with  tlie  reference  OGE  data  in  Fig.  75.  As  was  observed  in  the 
rocket  trajectory  data,  the  IGF  velocity  components  are  much  lower  in  magnitude 
than  the  OGE  values. 

I.V  Fata  for  Wind  iWuisor  Locations  in  Front  of  tne  Fuselage  Nose 

The  scale:!,  time-averaged,  vertical  and  longitudinal  flow  velocity 
components  at  wind  sensor  locations  6 and  7 arc  prescuited  in  Fig.  "jC.  As 
shown,  the.se  wind  sensor  locatiorus  are  near  i.he  cei.tral  line  at  y = 0 and 
paraJlel  to  the  rocket  trajectories  for  which  LV  data  for  the  Isolated  rctor 
were  previously  presented  in  Fig.  1 1 . The  vertical  component  data  of  th 
wind  sensor  compares  favorably  with  the  data  of  the  central  line  incluueii  in 
Fig.  76.  Data  were  also  measured  at  the  wind  sensor  locations  without  the 
fuselage  and  included  in  Fig.  76.  These  data  also  indicate  that  the  wind 
sen.sor  locations  are  sufficiently  forward  to  be  away  from  the  major  flow  inter- 
ference of  the  fuselage.  However,  the  selected  wind  sensor  locations  are 
undesirable  for  they  are  in  the  immediate  vicinity  of  the  rotor  wake  boundary 
for  hover  operation. 

Assessment  of  Wind  Sensor  Locations  for  Hovering  Flight 


Of  the  tested  wind  sensor  locations,  the  location  aside  and  removed  from 
the  fuselage  canopy  by  I8  percent  of  the  rotor  radius  (location  Ho.  5)  was 
found  to  be  most  favorable  for  avoiding  fuselage  aerodynamic  in! ei-ference  and 
the  wake  boun.lary.  It  is  recognized  that  the  support  required  I'or  place.meni 
this  far  out  would  be  of  concern,  particularly  for  forwarl  fliglit  drag.  1 !' 
reducing  tlie  distance  is  considered  a serious  compromise,  placement  aliead  of 
the  wing  tip  may  be  prel’erable  (providing  it  is  sufficiently  removed  from  the 
aerodynamic  interference  of  the  rocket  launcher). 


THEORETICAL  RESULTS  Arm  COMPARISON  WITH  TEST  DATA 


Available  hovering:  rotor  theory  was  applied  for  the  reference  and  modified 
thrust  conditions  to  compare  predicted  flow  velocities  with  the  LV  data,  and 
to  assess  the  applicability  of  the  model  test  results  and  associated  scaling 
procedures  to  simulate  full-scale  airflow. 


BRIEF  DESCRIPTION  OF  THEORETICAL  METHODS 


The  UTRC  Prescribed  Wake  Hover  Performance  Analysis  and  a Sikorsky 
Aircraft  derivative,  the  Circulation  Coupled  Hover  Analysis  Program  (CCHAP), 
were  used  in  this  investigation.  Brief  descriptions  of  these  computer  analyses 
are  presented  below.  More  details  on  the  contents,  assumptions  and  appli- 
cations of  the  methods  are  contained  in  Refs.  12  through  l6  and  21.  The  Pres- 
cribed Wake  Hover  Performance  Analysis  is  a component  of  the  Rotorcraft  Wake 
Analysis  described  in  Refs.  12  and  13-  This  analysis  was  applied  using  a 
generalized  wake  to  predict  the  rocket  trajectory  airflow  presented  in  Refs. 

6 and  7. 

The  function  of  the  UTRC  Prescribed  Wake  Hover  Performance  Analysis  i-'  to 
compute  the  circulation  and  induced  velocity  distributions  along  the  rotor 
blades  and  in  the  wake  that  are  compatible  with  a prescribed  set  of  blade 
section  operating  conditions  and  a prescribed  wake  geometry.  Each  blade  is 
represented  by  a segmented  lifting  line,  and  the  wake  is  represented  by  a 
finite  nimiber  of  segmented  vortex  filaments  trailing  from  the  blade  segment 
boundaries  as  shown  in  Fig.  15-  The  fundamental  relations  of  blade  circula- 
tion to  lift  coefficient,  angle  of  attack,  blade  motions,  control  settings, 
induced  velocity,  and  wake  geometry  are  used  in  this  analysis.  Once  the 
circulations  are  computed,  the  velocities  induced  at  and  away  (e.g. , at 
rocket  trajectories)  from  the  rotor  disc  by  the  bound  and  trailing  vorticity 
of  the  rotor  are  determined  through  application  of  the  Biot-Savart  law  which 
relates  the  induced  velocity  at  a point  in  space  to  the  circulations  and  wake 
geometry.  The  induced  velocity  is  proportional  to  the  summation  of  the  proluots 
of  the  circul.ation  strength  and  the  geometric  influence  coefficient  of  each 
element  of  vorticity  in  the  rotor-wake  system.  The  geometric  coefficient  is 
related  only  to  the  relative  geometry  between  a wake  element  and  the  point 
at  which  the  induced  velocity  is  being  computed.  Since  the  wake  geometry  is 
prescribed,  the  wake  may  vary  from  an  undistorted  wake  model  to  a complex 
experimental  or  distorted  analytical  wake  model  with  tip  vortex  roll-up  and 
vortex  core  effects  mathematically  modeled.  The  experimental  model  rotor  wake 
was  used  for  this  investigation. 


Tlie  Circulation  Coupled  Hover  Analysis  Program  (CCHAP)  internally 
defines  the  hovering  rotor  wake  geometry  through  coupling  of  the  wake  geometry 
solution  to  the  blade  loading  solution.  This  analysis  is  described  in  Ref.  ?1 , 
and  has  demonstrated  good  correlation  with  the  hover  performance  test  data  of 
many  rotors. 


TliC- AVERAGED  FLOW  VELOCITIES 


The  theoretical  methods  are  for  an  isolated  rotor.  Although  some  progress 
has  been  made  for  forward  flight  to  include  the  influence  of  the  fuselage  in 
the  Rotorcraft  V/akc  Analysis,  as  described  in  Refs.  21  and  2h , methodology  for 
the  fuselage  aerodynamic  interference  has  not  yet  been  included  for  hovering 
flight.  Thus  the  methods  were  first  applied,  in  this  investigation,  to  the  iso- 
lated rotor  configuration.  The  scaled  time-averaged  Vz,p  velocity  component 
predicted  at  rocket  trajectory  Hos.  3 and  U are  compared  with  the  scaled  model 
test  data  for  the  isolated  rotor  in  Figs.  77  and  70.  The  model  rotor  wake 
geometry  (Figs.  32  and  3^  ) was  used  in  the  Prescribed  V/ake  Analysis  for  this 
application.  The  favorable  correlation  indicates  the  capability  of  the  analysis 
to  predict  the  rotor  time-averaged  flow  when  the  associated  wake  geometry  is 
known . 

Also  included  in  Fig.  77  are  the  theoretical  predictions  from  both  methods 
for  the  full-scale  AH-IG  rotor  using  the  prescribed  model  rotor  wake  and  the 
circulation  coupled  wake,  respectively.  The  small  differences  between  the 
velocities  of  the  mode]  and  full-scale  rotors,  predicted  by  the  prescribed  wake 
analysis,  are  due  to  differences  in  the  operational  airfoil  data  range  (dif- 
ferences in  Mach  iio.  and  Reynolds  No.),  the  small  differences  in  the  rotor 
design  characteristics  described  earlier  (Table  l),  and  model  tip  speed 
scaling . 

Similar  comparisons  for  the  modified  thrust  condition  are  presented  in 
Fig.  79.  It  is  noted  that  for  this  condition  the  model  LV  data  were  acquired 
with  the  fuselage  and  wing,  whereas  the  theory  is  for  the  isolated  rotor.  I' 
is  also  noted  that  the  results  in  this  figure  are  for  the  reduced  thrust  coef- 
ficient, (i.e.,  they  have  not  been  scaled  to  the  reference  thrust  coefficient). 
The  degree  of  correlation  is  again  generally  favorable  and  similar  to  that  of 
the  reference  condition. 

Comparisons  of  the  model  rotor  theoretical  results  with  test  data  for  the 
refence  configuration  ( rotor-fuselage-wing ) , at  rocket  trajectory  Nos.  2 and  3 
on  opposite  sides  of  tlie  model,  are  presented  in  Fig.  80.  Differences  whicii 
are  mainly  attributable  to  the  presence  of  the  fusela^'e  are  evident.  Although 
the  theoretical  results  for  the  isolated  rotor  predict  no  significant  velo- 
city difference  on  opposite  sides,  diffei'ences  exist  in  the  test  data. 


As  discussed  earlier,  this  flov  dissymmetry  is  based  on  a limited  amount  of 
data  and  should  be  investigated  further. 

Comparisons  similar  to  those  of  Fig.  80 , except  that  the  data  are  for  the 
other  two  velocity  components,  are  presented  in  Fig.  8l . For  these  compo- 
nents the  theory  predicts  small  velocity  magnitudes  similar  to  the  test  data. 

TIME-VARIANT  FLOW  VELOCITIES 


The  time  variation  of  the  sca.led  V2,-  flow  velocity  component,  at  several 
points  on  rocket  trajectory  Wo.  , are  presented  in  Fig.  82.  Shown  are  compar- 
isons of  the  theoretical  predictions,  based  on  the  prescribed  model  rotor  wake, 
with  the  mean  LV  data  corresponding  to  specific  rotor  azimuth  positions  of  the 
isolated  rotor.  Away  from  the  wake  boundary  (i.e.,  between  Xrp  = 0 to  0.6  and 

1.0  to  l.H),  the  time  variation  is  small  as  is  evident  in  both  tlie  theory  and 

test  results.  The  theory  pre.Ucts  the  2 per  rev  character  and  amplification  of 
the  peak-to-peak  velocity  increments  near  the  wake  boundary. 

The  time  variation  of  the  velocity  components  is  mostly  due  to  the  periodic 
passage  of  the  tip  vortices  past  the  point  on  the  rocket  trajectory.  The  rela- 
tion between  the  phasing  of  the  peak  velocities  and  the  relative  positioning 
of  the  tip  vortex  geometry  with  the  points  where  the  rocket  trajectories 
intersect  the  forward  wake  boundary  may  be  derived  by  relating  the  azimuth 

locations  of  the  peak  velocities  to  the  orientation  of  the  tip  vortices.  The 

more  negative  peak  values  generally  occur  when  a tip  vortex  passes  closest  to 
the  point , and  the  more  positive  peak  values  generally  occur  when  the  point  is 
approximately  midway  between  two  successive  tip  vortices.  The  greatest  mag- 
nitudes of  velocity  correspond  to  the  more  negati\'e  peak  values  of  the  point 
Just  inside  the  wake  boundary  produced  by  the  presence  of  the  tip  vortex. 

Small  geometric  increments  of  the  tip  vortex  can  produce  large  velocity  pliase 
shifts.  This  is  recognized  when  it  is  considered  that  the  tip  vortex  spacing 
in  the  vicinity  of  the  rocket  is  O.18R  for  the  reference  condition.  Since 
this  corresponds  to  an  azimuth  cycle  of  180  deg,  each  one  percent  displace- 
ment of  the  tip  vortex  corresponds  to  a 10  deg  phase  shift.  This  indicates 
the  importance  of  accurately  representing  the  wake  if  the  time  variation  of 
the  instantaneous  velocities  at  tlie  rocket  trajectory  are  of  interest. 

The  phase  differences  at  Xrp  = 0 and  Xrj,  = 0.7  were  found  to  be  due  to  the 
high  sensitivity  of  the  results  to  small  changes  in  the  wake  geometry  data, 
and  both  were  essentially  accountable  and  correctable  within  the  experimental 
scatter  in  the  experimental  inboard  vortex  sheet  and  tip  vortex  geometry, 
respectively.  That  is,  a 15  percent  change  of  the  inlxsard  wake  transport 
velocities  (see  Fir.  in  the  theory,  reoriented  the  wake  to  the  rocket 

launch  point  (xrp  = 0)  such  that  the  phasing  was  in  aj^reement  to  that  of  tlie  LV 
data.  Similarly,  a change  in  the  input  wake  paramet.’rs  whicli  moved  the  tip 


vortex  coordinates  (Fig.  32)  down  by  ~ -0.015  in  the  vicinity  of  the 

vortex-rocket  trajectory  intersection  = UOO  deg)  was  sufficient  to  pro- 

duce a 15  deg  phase  shift  toward  the  test  data.  It  was  thus  concluded  th-  t 
the  analysis  is  capable  of  predicting  the  induced  velocity  time  variation 
at  the  rocket  trajectories.  However,  the  degree  of  correlation  is  very 
dependent  on  an  accurate  wake  geometry  representation. 

The  t)ieoretical  time  variations  of  the  v^,^  velocity  component  for  the 
model  rotor  and  the  full-scale  AH-IG  rotor  are  presented  in  Figs.  83  and  84. 

The  phase  differences  in  the  vicinity  of  the  wake  boundary  ^ = 0.7  and  0.8) 
are  primarily  due  to  the  differences  in  coning  angle  between  ti;e  model  and  full- 
scale  rotor  (O.  1 and  ,''.75  deg,  respectively)  which  produces  an  azimuthal  reorien- 
tation of  tiie  tip  vortices  relative  to  the  rocket  trajectory.  Additionally , 
the  peak-to-peak  velocity  magnitude  is  predicted  to  be  higher  at  Xrp  = 0.7  for 
the  full-scale  rotor.  This  is  also  due  primarily  to  the  small  displacement  of 
the  rotor  tip  vortex  rel.atlve  to  this  point  ne.ar  its  intersection  v.'it)i  t>;e 
rocket  trajectory  caused  by  the  coning  angle  increment.  Since,  tlie  scaled 
wake  circulation  strength  was  predicted  to  be  the  same  for  the  model  and  full- 
scale  rotors,  it  was  concluded  that  this  amplitude  difference  at  x„,  = O.'f  is  of 
little  consequence.  That  is,  considering  the  extreme  sensitivity  of  the  peak 
velocities  to  small  changes  in  location  near  the  wake  boundary,  the  theoretical 
peak-to-peak  amplitudes  would  agree  following  a small  shift  of  the  rocket 
trajectory  point  of  the  model  rotor  (e.g.,  to  Xtp  = 0.71 ). 

More  significant  is  the  fact  that  the  theory  predicts  a somewhat  larger 
peak  velocity  near  the  tip  vortex  than  that  indicated  by  the  I.V  data  (e.g.,  117 
fps  in  Fig.  84  vs  97  fps  in  Fig.  42).  This  may  be  attributable  to  the  high 
sensitivity  of  the  theoretical  results  in  close  proximity  to  a tip  vortex  to  the 
input  core  size  and  analytical  vortex  representation.  However,  the  previously 
discui'.sed  seedant  limitation  and  use  of  the  mean  velocity  ovei"  an  l8  deg  azi- 
muth interval,  may  result  in  reducing  the  measiired  peak  velocity  of  the  LV  dat.a 
from  the  absolute  i nstarit.aneoiis  peak  at  the  intersection  of  the  tii>  vort'-x  and 
rocket  trajectory. 


SUGGEGTIU  PROCPUUREG  FOR  APPLYIKO 
AIRFLOW  VELOCITY  RESULTS 


At  each  point  in  time  along  their  trajectories,  the  rockets  are  affected 
oy  the  instantaneous  induced  velocity  components  associated  with  the  particular 
rotor  position  at  that  instant  of  time.  Thus,  to  he  accurate  when  performing 
the  rockect  trajectory  calculations,  the  procedure  should  be  to  determine  the 
rotor  position  for  each  point  along  a trajectory  and  use  the  corresnonding 
induced  velocity  components.  However,  the  problem  arises  that  the  rotor  posi- 
tions are  not  known  due  to  the  fact  that  the  firing  tine  is  currently  determined 
by  the  gunner  irrespective  of  rotor  position.  Without  rotor  position  synchLron- 
ization,  the  correspondence  of  rocket  position  with  rotor  position,  is  unknown. 
However,  to  evaluate  the  impact  of  this  problem,  the  following  suggested  pro- 
cedures from  Ref.  6 are  repeated  for  the  rocket  trajectory  calculations: 

1.  Perform  the  rocket  trajectory  calculations  using  the  time-averaged 
induced  velocity  components  at  each  point. 

2.  Perform  the  calculations  assuming  that  the  rockets  pass  in  close 
proximity  to  a tip  vortex.  In  accordance  with  this  ass'.tmption , 
select  the  peak  velocity  components  (emphasize  v^rp  in  tlie  selection) 
at  the  trajectory  point  nearest  and  inside  the  wake  boundary.  Using 
an  assumed  rocket  velocity  (e.g.,  the  launch  velocity  of  approxi- 
mately 100  fps ) , determine  the  time  increment  and  corresponding  rotor 
rotation  interval  between  points  along  the  trajectory.  Basel  on  the 
rotor  rotation  interval,  determine  the  rotor  positions  for  each  point 
along  the  trajectory  and  interpret  the  flow  velocity  data  acc  rdingly 
to  obtain  the  velocity  components  at  each  point  to  be  used  in  the 
calculation  of  the  rocket  trajectory. 

3.  Perform  the  calculations  using  instantaneous  velocities  corresp"nu in/’ 
to  a few  other  selected  rotor  position  sequences. 


Using  the  above  procedures,  the  maximian  and  minimum  deviations  of  the  r' '•k./ 
trajectories  based  on  the  instantaneous  induced  velocities  relative  to  the  tra- 
jectories based  on  the  time-averaged  velocities  should  generally  re.sult.  '.•.it'-, 
these  results,  the  range  of  possible  trajectories  produced  at  in/iiscrininat c 
firing  times  would  be  established. 


CONCLUSIONS 


The  following  conclusions  are  based  on  the  application  of  model  test 

results  to  a full-scale  hovering  helicopter.  Where  values  or  locations  are 

indicated,  they  are  representative  of  the  full-scale  AH-IG  helicopter. 

Tlie  flow  velocities  of  the  hovering  helicopter  simulation  model, 
measured  with  the  laser  velociraeter,  substantiated  the  general 
airflow  chai-acteristi us  at  rocket  trajectories  of  the  Ali-IG  helicojiter 
predicted  in  the  previous  theoretical  investigation.* 

C.  The  application  of  laser  velocimetry  to  measure  hovering  rotor  airflow 
was  successful.  LV  proved  to  be  a valuable  technique  for  acquiring 
both  the  time-average  and  time  variation  of  flow  velocity  components 
at  rocket  trajectory  and  wind  sensor  locations  inside  and  outside  of 
the  rotor  wake. 

3.  Flow  visualization  techniques  (smoke  and  Schlieren)  were  valuable  to 
identify  wake  geometry,  wake  stability,  and  vortex  core  size  in  the 
vicinity  of  the  rocket  trajectory  and  wind  sensor  locations.  ITie 
influence  of  the  fuselage,  modified  canopy,  thrust  level,  tip  speed, 
and  ground  effect  on  wake  geometry,  determined  from  analysis  of  the 
flow  visualization  data,  were  useful  for  Interpretation  of  the  flow 
velocity  data. 

The  total  and  separate  influence  of  each  of  the  aircraft  components 
(rotor,  fuselage,  modified  canopy,  and  wing),  and  significant  operating 
condition  parameters  (rotor  thrust,  tip  speed,  and  gro’ond  effect)  on  the 
airflow  influencing  rocket  trajectories  were  successfully  measured. 

. The  presence  of  the  fuselage  produces  a small  but  possibly  significant 
effect  on  rocket  trajectory  airflow.  On  the  stai'board  side  of  the  air- 
craft, the  fuselage  effect  is  most  noteworthy  in  the  vicinity  of  the 
rocket  launch  points  where  it  contributes  additional  downflow.  A 
possible  fuselage  produced  flow  dissymmeti'y , which  requires  lurther 
verification,  was  indicated  in  a comparison  of  LV  data  from  opposite 
sides  of  the  fuselage.  'The  presence  of  the  stub-wing  does  not  sig- 
nificantly atld  to  the  aerodynamic  interference  of  the  fuselage  at 
rocket  trajectories.  The  modified  flat-sided  canopy  of  the  AH-lG 
produces  an  additional  downflow  increment  along  the  portion  of  tlie 
rocket  trajectories  aside  of  the  fuselage. 


^crimary  airflow  characteristics  are  listed  in  the  cor us  ions  fi-.-ri  Uie 
tin ‘oret  i cal  investigation  in  Appendix  R. 


6.  The  effeots  of  rotor  thrust  and  tip  speed  increments  on  the  rocket 
trajectory  airflow  are  scalable  using  rnonentuia  induced  velocity  as 
the  sea: ing  parameter.  For  large  tip  speed  increments,  a possible 
de.’iation  from  the  scaling  procedure  at  points  near  the  fuselage 
remains  lo  be  substfintiated  through  further  investigation. 

7.  Operation  near  the  ground  results  in  a significant  reduction  in  the 
mafuiitude  of  th.e  downflow  along  the  extent  of  rocket  trajectories 

in  tne  rotor  wake.  For  simulated  AH-10  .skid  heights  above  ground  of 
less  than  approximately  20  ft,  time-averaged  upflow  was  measured  in 
the  vicinity  of  the  launch  point  of  an  inboard  rocket  trajectory. 

8.  In  the  rotor  wake,  consistent  w'ith  rotor  hovering  downflow  patterns, 
the  downflow  at  the  outboard  rocket  trajectory  is  generally  greater 
than  that  of  the  inboard  trajectory. 

9.  Of  the  three  velocity  components,  the  downward  component  normal  to 
the  rocket  trajectory  is  substantially  larger  in  magnitude  than  the 
others . 

10.  A rocket  attitude  variation  of  2 deg  does  not  significant ly  influence 
the  time-averaged  flow  velocities  at  the  rocket  trajectory,  but  does 
result  in  a phase  shift  of  the  time  variant  velocities  relative  to 
I'otor  azimuth  position. 

11.  The  airflow  inside  the  rotor  wake  is  fairly  steany;  however,  large 
induced  velocity  variations  with  small  increments  of  distance  and 
time  occur  at  points  on  a rocket  trajectory  near  a wake  boundary. 

These  variations  are  caused  by  the  close  passage  of  the  tip  vortices. 

The  magnitude  of  the  mean  time-variant  downflow  a.'-r.o.-iated  with  each 
rotor  azimuth  position  is  g.enerally  within  approximately  + 0 fps  of 
the  time-average  value  for  points  on  the  rocket  t ra ject^r i fu?  within 
the  rotor  wake.  This  peak-to-peak  variation  increases  substantially 
(e.g.,  +^0  fps)  in  the  vicinity  of  the  wake  hoiindar:,’.  The  KM'  devi- 
ations from  the  mean  downflow  values  for  specific  rocket,  trajectoiy 
points  and  rotor  azimuth  positions,  representative  ->r  flow  unsteadine.ss , 
arc  generally  within  10  fps,  away  fnim  the  wake-  boundary. 

12.  Of  the  tested  wind  sensor  locations , a location  aside  and  re.mcved  from 
the  fuselage  canopy  by  l8  percent  of  the  rotor  radius,  was  found  to  be 
most  favorable  for  avoiding  fuselage  aerodynam.ic  interference  ;ind  the 
wake  boundary.  If  the  distance  must  be  compromised,  based  on  forward 
flight  drag  considerations,  placement  ahead  of  the  wing  tip  may  be 
pre  ferable . 
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13.  Neglecting  fuselage  interference  effects,  the  results  of  the  limited 
correlation  study  indicate  that  the  UTRC  Prescribed  Wake  Hover  Perfor- 
mance Analysis  can  accurately  predict  the  airflow  characteristics  at 
rocket  trajectories,  llie  time-averaged  downflow  within  the  rotor  wake 
was  generally  predicted  within  5 fps  for  the  isolated  rotor.  (Fuselage 
aerodynaii.ic  interference  is  not  currently  included  in  the  analysis.) 
llie  capability  of  the  analysis  to  accurately  predict  the  t: me- variation 
of  the  flow  velocities  is  dependent  on  the  accuracy  of  the  wake  geometi-y. 

1*. . The  model  test  data  for  rocket  trajectory  and  wind  sensor  flow  velocities 
can  be  appropriately  scaled  to  represent  full-scale  aircraft  operating 
conditions  (thrust  level  and  tip  speed).  Refinements  for  the  full-scale 
AH- 10  repreuentati oil , to  account  for  remaining  differences  in  configuration 
uesign,  airfoil  ciiaracteristi cs  (Reynolds  number,  Mach  number),  and  coiling 
angle  can  be  determined  using  predicted  increment.-  between  model  and  full- 
scale  theoretical  results  as  a guide.  Theoretical  inuicatioiis  are  that 
the  effects  of  the  latter  scaling  differences  ai-e  generally  small,  par- 
ticularly foi-  time-averaged  velocities  and  the  magnitudes  of  the  time 
variant  velocities.  Any  influence  on  the  positioning  and/or  timing  of 
the  tip  vortices,  such  as  blade  coning  differences  or  aircraft  and  wake 
motions  associated  with  full-scale  helicopter  operation,  would  result  in 
a phase  shift  in  the  flow  velocity  time  variation  at  a rocket  trajectory 
or  wind  sensor  location.  Corrections  for  phase  shifts  associated  with 
coning  angle  can  be  determined.  Tlie  determination  of  corrections  for 
random  shifts  associated  with  ambient  winds,  helicopter  motion,  or  wake 
uristeadiness  would  be  much  more  difficult,  if  not  impractical. 
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RECCMME.’.'EATIOIiS 


; . ns  i)lanri(.- 1,  the  effect  of  the  rotor  wake  induced  velocities  deterr.ined 
in  thin  ir.vestiration  on  the  rocket  trajectories  should  be  ■^alculatec 
ucinr  the  Arrri;,'  rocket  dynamic  response  analysis  and  the  procedures  des- 
crlled  herein.  Using  these  procedui-es,  the  deviations  :d'  tiie  rocket 
trajectories  can  be  deterr.ined,  and  the  degree  of  accuracy  required  of 
the  inciuced  effects  for -rocket  trajectory  calculations  would  be  estab- 
I i shed . 

2.  Analysis  of  the  tine- variant  flow  velocity  data  to  present  and  inter- 
pret the  results  for  all  configurations  and  conditions  relative  to  roto 
azimuth  position  was  beyond  the  scope  of  the  investigation  reported 
herein.  The  results  of  the  above  recommended  aeroballistics  investi- 
gation should  be  used  to  assess  the  requirement  for  additional  data 
analysis  in  the  tine  history  form.at  (in  addition  to  the  tine-aver'-geu 
and  peak-to-peak  format  presented). 

3.  Considering  the  demonstrate'!  usefulness  of  laser  velocimetry  for  rocket 
trajectory  flow  m.easui-em.ents , the  model  helicopter  experimental  program 
is  being  extended  to  apply  the  LV  technique  to  low  speed  forward  flight 
conditions  in  a wind  tunnel.  It  is  suggested  that  several  tasks  beyond 
the  scope  of  the  planned  program  be  considered,  such  as  the  testing  of 
yawed  flight,  sideward  flight,  in-ground-effect,  and  gust  conditions. 

A.  Additional  hover  testing  to  further  investigate  the  extent  of  the  flow 
dissymjnetr:,'  produced  by  the  fuselage  is  recommended. 

5.  ’onsi dering  the  fa voidable  correlation  of  the  hovering  wake  theory  for 

the  isolated  rotor,  and  the  usefulness  of  the  theory  for  interpretation 
of  the  model  data  for  full-scale  aircraft,  it  is  recoirmended  that 
analytical  refinements  be  included  to  improve  the  scope  and  accuracy 
of  the  analysis.  Recommended  refinements  include  provisions  for  ground 
effect,  vertical  climb,  and  fuselage  aerodyruunic  inter I'erence . k’ake 
modeling  refinements  should  be  incorporated  as  guiding  experimental 
data  becom.e  available. 

b.  Apj'iication  and  evaluation  of  hovering  rotor  wake  theory  for  otiier 

aircraft  (for  example,  AAH  and  UTTAS ) over  a wide  range  of  oft-rating 
conditions,  and  generalization  of  the  predicted  flow  velocities  Is 
recommended . 
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Flow  velocity  data  for  full-scale  aircraft  should  be  acquired,  at 
least  for  a limited  number  of  flow  field  points  and  test  conditions, 
to  compare  with  the  model  test  data  and  to  determine  the  relative 
flow  unsteadiness  between  full-scale  operation  and  model  testing  in 
a controlled  environment. 

The  model  testing,  laser  velocimetry,  and  flow  visualization  techniques, 
as  demonstrated  in  combination  in  this  investigation  for  the  specific 
rocket/wind  sensor  application,  are  recommended  for  use  in  a more  general 
investigation  of  hovering  rotor  aerodynamics  and  associated  performance. 
In  addition  to  further  defining  fundanientai  characteristics,  such  ar; 
experimental  program  woaild  provide  comprehensive  data  for  validation  of 
theor;/  and  the  further  generalization  of  the  aerodynamii cs  and  performance 
of  hovering  rotors. 
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APPENDIX  A 


DEPARTMENT  OF  THE  ARMY 

HEADQUARTERS  UNITED  STATES  ARMY  MISSILE  COMMAND 
REDSTONE  ARSENAL.  ALABAMA  33800 

APR  2 1 1975 

Ml-.'MO  FOR  Ri'XORD 

SUBJECT:  lio’ i.v-irter  /\ir  Flow  Anaiysic  at  Hover  and  Low  Air 

1 . Reference  is  made  to  United  Aircraft  Research  Laliorat.’Ti*-.'*  ''^inai 
Report  "Predicts  o:‘.  of  Rotor  Wake  Induced  Flow  Velocities  AloriC  the  Rock-  • 
Trajectorie.s  of  an  Amy  AH-JG  Helicopter,"  dated  ”ar;h 

P.  The  US  Army  Training  and  Doctrine  Command  (TRAiifjCl  has  dote rmi tie  : 
the  appropriate  attack  helicopter  tactic  for  the  mid- : ntetis  i * y ar  m; 

Rattle  scenarios  will  be  low  level  flip;ht,  known  as  "T-rrain  F'y';.'."  Tl!-- 

:iee  i to  enn-iye  targets  with  sophisticated  air  d"fens'-  i ' emc-rit  ;■  rosu.’s  i:;  a- 
imi.ior  concern  with  aircraft  survivability.  Maximum  ;'.urvivabil  ity  ir-  a.-hlevi-; 
by  enf-a^tinf’  tarp;ets  at  the  maximum  effective  ranpe  ol'  the  he]  i -•cp'*  f r W'.-ano-., 
whii-'  minimir.inr  closure  on  the  target  durin.-''  tli«  enra.-'^rien*  . Dn-S'-  -i  .actica! 

1 ui  rem<-t:ts  have  been  instrumenial  in  formulatinf  ai  !'craft/w<  ap  ci  ST>ecifj- 
’ation.s  w-iich  place  ma,5or  emphasis  on  firinr;  rocket.s,  -anri-.'-n,  and  mi  .is,  i 1 es. 
fr  :m  a hover  as  a worst  cane  condition.  Tlie  most  ntri:ev-i:t  technir.u-' 

!;.v  'Ives  ^iie  eayial'i  1 ity  to  start  from  a low  level  ]iov--r  Reliin-i  a maski;..-' 

r’--at..re,  "pop-up"  with  some  minimum  vertical  •’.ir.t  , en,--.-u’.c 

‘I'.e  •-i.-’et,  and  retain  suffieient  aircraft  performa-.c- ■ t,-.i  ff'-n  a 

rti-’a;  ra* of  -descent  .just  in  --a.se  no  y'ortion  •if  -..-sit.'-'e  U-'-d  ir 

■•xp-'ii  led. 


d.  r tnance  wfii  ch  can  be  fired  witti  initial  tiirh  velocities,  sue-,  as  ■a.’.ti'-r. 
roun  , 'ir  which  can  be  ptiven  termin.al  gtiidan-'o,  nucli  as  a missile,  are  * h-- 
loa.d  affect, ed  by  local  air  flow  in  the  hove;-,  pop-up  -i.-  low  r;  i r .uje-- i 
reyimes.  Since  the  free  aerial  rocket  has  a relatively  low  it.iMal  velocity 
ari'i  receives,  no  terminal  guidance,  it  is  significantly  affect--!  i-y  the 
helicopters  rotor  lown  w-.ish  during  these-  m.aneuvers.  'ilie  Advance-!  Attack 
ilel  i co{)t'-r  (.AAH)  specifications  call  for  a ma.ior  portion  of  the  mission  ti.me 
t'  h--  condu-‘ed  at  t!ie  hover.  However,  the  /lAi!  Prim-'iry  wean-ir.s  are  con- 
: ier-- i at  this  time,  to  be  the  TOW  missile  and  10  mm  ■•amion ; therefore,  the 
."c  inc>i  Rocket  Uystem  tierformanc--  at  t.h^  hover  ha.,  not,  be--n  a concern. 
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applied  research  is  being  pursued  to  develop  a solution  to  the  user 
requirement  for  an  effective  aircraft /weapon  system  at  low  air  speed. 

It,  This  Office  sponsored  the  2.75  Inch  Rocket/AH-IG  System  Baseline 
Accuracy  Test  which  was  a detailed  analysis  of  the  helicopter/rocket  system 
performance  at  airspeeds  of  90  and  120  knots.  The  major  conclusion  of  the 
test  was  that  helicopter  rocket  fire  control  was  needed  to  accomnlish  a 
sic:nifioant  improvement  in  system  effectiveness.  The  lack  of  appropriate 
instrumentation  was  a prime  factor  in  not  acquiring  the  sa:ie  type  of 
data  for  hover  and  low  forward  air  speeds.  Currently,  instrumentation  has 
still  not  advanced  sufficiently  to  provide  adequate  experimental  data  on 
airflow  under  the  Cobra  rotor  disc  throughout  the  weapon  launch  envelope 
at  low  airspeeds.  Discussions  with  the  aeronautical  laboratories  revealed 
that  no  definitive  data  existed  on  the  area  of  interest.  Rocket  ballistic 
simulations  had  to  be  performed  utilizing  assumed  data  generated  with 
standard  momentum  theory  based  on  the  size  of  the  rotor  and  gross  helicopter 
weight.  Airflow  perturbations  within  the  rotor  down  wa.sh  were  unknown. 

5.  After  determining  that  there  existed  a large  gap  in  data  on  airflow 

in  the  rocket  launch  envelope  at  low  airspeeds,  the  2. 75  Inch  Rocket  Project 
Manager's  Office  took  advantage  of  a proposal  from  United  Aircraft  Research 
Laboratories  (UARL)  to  acquire  basic  information  utilizing  computer  simulation. 
Mr.  Jack  Landgrebe  and  his  associates  at  UARL  have  exhibited  considerable 
expertise  and  dedication  in  deriving  the  degree  of  data  presented  in  the 
reference  report,  particularly  when  one  considers  the  size  of  the  Picatinny 
Arsenal  contract.  The  computer  simulation  techniques  developed  by  UARL  are 
unique  in  the  capability  to  provide  instantaneous  and  time-averaged  airflow 
vectors  in  both  distorted  and  undistorted  rotor  wakes. 

6.  Mr.  Saul  Vasserman^  of  the  Aeroballistics  section  at  Picatinny  Arsenal 
is  currently  following  through  with  the  data  presented  in  the  report  to 
calculate  the  effects  of  the  airflow  on  the  rocket  ballistic  trajectory. 

Tlie  rocket  will  normally  be  influenced  by  the  passage  of  approximately  two 
rotor  blades  during  its  exit  from  the  weapon  launch  envelope.  During  pre- 
liminary simulations  with  a six  degree  of  freedom  rocket  ballistic  simulation, 
it  was  foimd  that  at  ranges  below  2000  meters,  a variation  in  impact  distance 
could  be  detected  as  a function  of  the  blade  position  and  instantaneous 
velocities  depicted  in  Fig.  15  of  the  reference  report.  At  ranger,  greater 
than  2000  meters,  the  rocket  was  not  influenced  sufficently  by  variation  in 
firing  time  to  be  detected  in  changes  in  the  simulated  ground  impact . In 
actual  hover  firing  tests  at  Yuma  Proving  Ground  in  197^*,  the  2.75  Inch 
Rocket  achieved  a mean  point  of  impact  at  1»500  meters  while  at  ^0  feet  above 
target  with  a three  degree  nose-up  angle.  Firings  from  90  knot.s  at  100  feet, 
required  a 7 degree  climii  to  achieve  I4OOO  meters.  The  rocket  ir  highly 
.stable  and  weatherv.anes  up  into  the  rotor  down  w.ash , therefore,  t he 

f.he  t,  r-a.loctory  of  the  rocket  is  si  gn  i f leant . 


7.  As  raeiitloned  in  the  report,  a numher  of  the  assumed  variables  have  yet 
to  be  confirmed  and  refinement  will  probably  have  some  effect  on  the  per- 
formance characteristics  of  the  helicopter/rocket  system.  It  must  be  noted 
that  these  simulations  are  conducted  at  specific  airspeeds  of  0,  15  and  30 
knots,  without  representation  of  fuselage  effects.  A review  of  the  report 
will  result  in  the  impression  that  the  airflow  under  rotor  is  very  dynamic; 
ar.i  velocity  predictions  at  any  one  point  are  not  necessarily  representative 
of  the  total  laimch  envelope.  An  additional  consideration  is  that  in  the 
tactical  situation  the  helicopter  will  rarely  be  in  a stationary  hover 
without  a velocity  vector  in  some  direction. 

B.  riew  tcchnicjues  of  airflow  measurements,  such  as  Laser  Doppler  Veloeimeter 
(LDV)  have  been  developed  in  recent  years.  United  Aircraft  is  capable  of 
LDV  measurement,  both  on  a hover  stand  and  in  wind  turmels.  The  advantage 
of  tr.e  TiDV  techni  lue  is  the  ability  to  measure  airflow  from  a remote  position, 
th.-'reby,  eliminating  tiie  disturbance  effects  normally  involved  witVi  moiintirr 
a sensing  device  directly  in  the  airflow.  Ultimately,  the  LDV  may  become  a 
tool  for  helicopter  instrumentation  an  1 be  fli^•tht  qualified  for  full  ; cale 
flight  research. 

Q.  Tlie  reference  report  is  viewed  as  only  the  initial  step  in  achievinr 
data  to  properly  evaluate  tlie  characteristics  of  helicopter/rock'^t  systems 
when  fired  at  a .hover.  A number  of  recommended  tasks  to  continue  development 
of  airflow  simulation  and  data  acquisition  techniques  are  as  follows: 

a.  An  AH-IG  flight  test  to  accurately  determdne  the  rotor  control, 
flapping  and  disc  angles  assum.ed  in  Table  t of  the  reference  report. 

b.  A Laser  Doppler  Veloeimeter  (LDV)  survey  of  a scale  mo  lei  of  each 
lielicopter  gunship  d.o  determine  the  optimum  location  for  an  operational  fir*' 
control  relative  wind  sensor  on  each  aircraft. 

c.  A LDV  survey  of  the  weapon  launch  envelope  of  each,  helicopter  giui- 
ship  at  hover  and  forward  airspeeds  to  provide  experimental  data  and  or'.alyi'.is 
to  support  the  findings  of  the  reference  report. 

d.  Determine  the  feasibility  of  packaging  the  LDV  concept  so  that  it 
can  he  u:;ed  as  instrumentation  on-board  a gunship  for  detection  of  airflow 
characteristics  under  actual  flight  conditions. 

e.  Further  development  of  airflow  simulation  techniques  to  include 
fuselage  cotifigurat  ion  effects  and  the  resultant  effect  in  tiie  weapon  i.aunch 
area. 


f.  Adaptation  of  the  airflow  simulation  to  determine  f 1 i eht  dynamics 
during  the  pop-up  maneuver. 


g.  Initiation  of  6.2  and  6.3  research  into  instrumentation  and 
operational  air  data  sensor  devices. 


h.  Funding  for  aeroballistics  analysis  of  the  airflow  effects  on  weapon 
performance  and  evaluation  of  courses  of  action  to  compensate  for  airflow 
effects . 


10.  Helicopter  stability  must  be  improved  during  hover  in  order  to  provide 
an  effective  weapons  platform.  This  is  particularly  true  when  a large  number 
of  rockets  are  to  be  fired  in  the  shortest  possible  time.  It  is  expected  that 
helicopter  control  systems  will  eventually  provide  this  characteristic. 
Parallel  research  efforts  are  necessary  so  that  a combination  of  platform 
stability,  fire  control,  and  rocket  design  can  accomplish  accurate  rocket 
delivery  during  hover,  pop-up  and  low  speed  flight  as  the  helicopter  transi- 
tions. These  integrated  tasks  must  be  performed  in  order  that  the  user  car.  be 
provided  with  the  effective  helicopter  system  he  desires. 


ROBERT  BERGMAN 
A.MCPM-RK2^ 


1977  Updates: 

United  Aircraft  Research  Laboratories  (UARL)  is  now  United  Technologies 
Research  Center  (UTRC) 

2 

The  AAH  primary  weapon  system  is  the  Hell  fire  system.  The  2.75  Inch 

Rocket  and  30  mm  cannon  are  secondary  weapons  sy. stems. 

^ Mr.  Saul  Wasserman  is  now  with  U.  S.  Army  Armament  R&D  Command. 

I4 

Mr.  Robert  Bergman  is  now  at  DRCPt-l-RK,  MTRADCOM,  Redstone  Arsenal  . 
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APPENDIX  B 


SUMMARY,  CONCLUSIONS  AND  RECOMMENDATIONS 
FROM 

ROTOR  WAKE  INDUCED  FLOW  ALONG  HELICOPTER  ROCKET  TRAJECTORIES 

(Paper  from  the  Proceedings  of  the  Conference 
on  the  Effects  of  Helicopter  Downwnsh 
on  Free  Projectiles, 

A,  J.  Landgrebe  and  T.  A.  Egolf,  Nov.  1975) 


SUTWiRY 


An  analytical  investigation  was  conducted  to  predict  the  rotor  wake 
induced  flow  velocities  along  the  trajectories  of  rockets  fired  fi-om  an  Armi' 
AH-IG  helicopter.  The  three  components  of  both  the  time-averaged  and  instan- 
taiieous  induced  velocities  were  predicted  at  selected  points  along  the  tra- 
Jecto>-ies  of  rockets  fired  from  four  wing  locations.  Three  flight  conditioiis 
with  helicopter  flight  speeds  of  0,  15,  and  30  knots  were  investigated.  The 
sensitivity  of  the  predicted  induced  velocities  to  rotor  wake  model , rocket 
iaunch  attitude,  and  rocket  launch  position  was  also  investigated.  Velocities 
induced  by  tip  vortices  near  the  intersections  of  the  rocket  trajectories 
with  the  wake  boundary  were  found  to  be  similar  in  magnitude  to  the  launch 
velocities  of  the  2.75  in.  rocket  currently  in  use  on  AH-IG  aircraft.  Values 
of  the  downward  induced  velocity  component  as  high  as  70  fps  (time-averaged) 
and  130  fps  (instantaneous)  were  predicted  for  the  hover  condition,  arid  the 
velocities  decrease  with  increasing  flight  speed.  For  flight  speeds  greater 
than  approxi.mately  30  kts,  the  rotor  wake  passes  behind  the  rocket  launch 
position  which  significantly  reduces  the  woke  induced  effects.  The  location 
of  the  rotor  wake  boundary  relative  to  the  rocket  trajectories  is  a major 
determinant  of  the  induced  velocity  distribution  along  the  trajectories. 

Thus,  the  use  of  an  accurate  wake  geometry  was  found  to  be  important  for 
accurate  calculations  of  the  induced  velocities  at  the  rocket. 

The  results  of  this  analytical  investigation  were  published  in  March 
1975  in  U.  F.  Army  Picatinny  Arsenal  Technical  Report  ^*797,  "PreJi'-tlon  of 
Rotor  Wake  Induced  PMow  Velocities  Along  the  Rocket  T^’ajectories  of  ati  Anuy 
AH-IG  Helicopter."  This  paper,  presenied  on  Autiusi  17,  1975  at  the  Conference 
on  + he  Kfi’ects  of  Helicopter  Downwash  on  Free  Projectiles  sponsored  by  the 
U.  G.  Army  Aviation  Systems  Corimand , is  a condensation  of  that  report. 
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CONCLUSIONS  FRO?/  REFERENCE  7 


The  following  conclusions  apply  to  the  Ali-IG  helicopter  operating  at  hove 
and  low  speed  flight  conditions; 

1.  The  magnitude  of  the  predicted  induced  velocity  components  at  the 
trajectories  can  exceed  the  rocket  launch  velocity.  Values  of  the 
downward  induced  velocity  component  as  high  as  70  fps  (time-averaged) 
and  130  fps  (instantaneous)  were  predicted. 

2.  Of  the  three  velocity  components,  the  greatest  induced  velocities 
were  predicted  for  the  downward  component  normal  to  the  rocket  trajec- 
tory. The  component  along  the  rocket  trajectory  was  generally  next  in 
order  of  magnitude,  and  the  smallest  velocity  magnitudes  were  pre- 
dicted for  the  lateral  component. 

3.  As  the  rocket  moves  from  its  launch  position,  the  downward  velocity 
component  increases  as  the  wake  boundary  is  approached.  As  the  rocket 
moves  to  the  outside  of  the  rotor  vake  the  magnitude  of  the  downward 
velocity  decreases  abruptly,  and  becomes  insignificant  within  a distance 
of  one  rotor  diameter  from  the  launch  position. 

■'i . The  position  of  the  intersection  of  a rocket  trajectory  with  the 
wake  boundary  is  most  influential  for  it  determines  the  length  of  time 
that  the  rocket  remains  in  the  higher  induced  velocity  region  inside 
the  wake.  It  also  determines  the  location  where  the  close  proximity  to 
a tip  vortex  can  result  in  a high  induced  velocity.  The  importance  of 
the  wake  boundary  location  establishes  the  importance  of  accurately 
determining  the  items  which  establish  the  wake  skew  angle  — flight 
speed,  rotor  and  aircraft  attitude,  and  aircraft  gross  weight  (rotor 
thrust ) . 

5.  Considering  the  variation  of  the  predicted  induced  velocities  with 
flight  speed,  the  influence  of  the  wake  aerodynamic  intereference  on  the 
rocket  trajectories  is  expected  to  decrease  with  increasing  flight  speed. 
In  hover,  the  predicted  velocities  are  the  highest,  and  the  rocket 
remains  in  the  wake  for  the  longest  period  of  time.  For  flight  speeds 
greater  than  approximately  30  kts,  the  rotor  wake  generally  passes  behind 
the  rocket  launch  position  which  significantly  reduces  the  wake  induced 
effects . 

6.  Large  impulsive  type,  induced  velocity  variations  with  time  occur 
at  points  on  the  rocket  trajectory  near  the  wake  boundary.  These  varia- 
tions are  cau.seu  by  the  passage  of  the  tip  vortices.  If  the  high 
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impulsive  type  velocities  induced  by  the  close  passage  of  a tip  vorl.ex 
are  founJ  to  significantly  alter  the  flight  path  of  the  rocket,  a 
mechanism  for  synchronizing  the  rocket  firing  time  with  the  rotor  posi- 
tion for  minimum  tip  vortex  interference  could  be  considered. 

7.  I’he  variation  of  the  predicted  time-averaged  i.nduced  velocity 
components  between  the  four  rockets  of  the  AH-IG  helicopter  is  within 
t 10  fps  at  similar  points  along  the  trajectories. 

3.  it  is  necessary  to  use  an  accurate  rotor  wake  model  in  calculations 
<iirected  toward  predicting  induced  velocities  at  rocket  trajectories. 

Tlie  ISO  ol'  an  undistorted  wake  model  rather  than  a realistic  distorted 
wake  mode!  results  in  si/u;i  ficant  differences  in  predicted  i.nduceo 
v'ej-ocities  . 

9.  Ditaii  variations  (t  degrees)  in  I’ocxet  launch  attitude  produce  s-mall 
induced  velocity  changes  at  the  rocket  trajectories  except  near  the  wake 
boundai-y  where  the  variations  produce  a difference  in  the  phasing  ol'  the 
velocities  associated  with  the  relation  between  rotor  position  and  the 
passage  of  a tip  vortex.  This  is  generally  also  true  for  small  variation 
in  1-ocket  launch  point.  However,  vertical  and/or  longitudinal  variations 
in  launch  point  produce  significant  variations  in  induced  velocities 
near  the  launch  point  at  approximately  30  kts  due  to  the  movement  of  the 
point  from  inside  to  outside  of  the  rotor  wake  oi’  vice  vei’sa.  The 
relatii.e  position  of  the  rocket  iau.nch  point  to  the  wnke  boundary  coimd 
also  be  varied  by  changes  in  any  of  the  factors  which  determine  the  wdie 
boundary  (flight  speed,  aircraft  gross  weight,  and  rotor/fu.selnge 
attitude ) . 
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RECOriMENDATIONS  FROM  REFERENCE  T 


1.  Several  Factors  which  were  approximated  or  neglected  in  the  analytical 
calculations,  should  be  considered.  These  are  wake  instability  and 
dissipation,  vortex  core  size,  the  selection  of  the  finite  spatial  and 
temporal  increments  used  in  the  analyses,  and  wing  and  fuselage  inter- 
ference effects.  Also,  the  possible  requirement  for  iterating  between 
the  induced  velocities  and  the  rocket  trajectory  should  be  considered. 

2.  Calculations  of  the  effect  of  the  rotor  wake  induced  velocities 
determined  in  this  investigation  on  the  rocket  trajectories  should  be 
continued . 

3.  The  rotor  wake  effects  for  flight  conditions  other  than  the  three 
discussed  herein  should  be  determined.  In  particular,  calculations  for 
specific  flight  conditions  for  which  flight  test  rocket  trajeccory  data 
become  available  should  be  performed  for  correlation  purposes.  Also, 
the  sensitivity  of  the  results  to  variations  of  the  significant  param- 
eters in  actual  aircraft  operation  which  influence  the  wake  stj-ength  and 
wake/rocket  positioning  should  be  investigated,  and  proceiures  i’or 
generalizing  the  results  should  be  determined. 

t.  Model  helicopter  tests  should  be  conducted  to  acquire  systematic  experi- 
mental data  on  this  rocket  aerodynaniic  interference  problem.  Model 
hovering  and  wind  tunnel  facilities  and  experimental  flow  measurement 
and  visualization  techniques  should  be  used  to  measure  the  wake  boundaries 
and  flow  velocities  in  the  regions  of  the  rocket  trajectories.  Combined 
model  rotor-fuselage-wing  testing,  application  of  flow  visualization 
techniques,  and  application  of  laser  velocimeter  techi.iques  inr-  reported 
in  Reference  9*)  to  measure  flow  velocities,  shouii  : o conducte;.  The 
results  of  such  an  experimental  program  would  provide  lata  for  correla- 
tion with  theory  and  for  a systematic  determination  of  the  total  and 
separate  influence  of  each  of  the  aircraft  components  (rotor,  fuselage 
and  wing)  and  significant  parameters  (flight  speed,  gross  weight,  air- 
craft attitude,  etc.).  In  addition,  the  determination  o!'  the  veli.'c'it.y 
field  at  potential  locations  for  wind  sensors  mounted  on  the  aircraft 
would  assist  in  solving  the  problem  of  accurately  measuring  flow  veloci- 
ties at  the  low  aircraft  flight  speeds  required  in  accordance  with  curre!:t 
rocket  firing  tactics. 


I 


* Reference  11  of  this  report. 


7 3 


I 


LIST  OF  SYMBOLS 


b 


c 


ej  , 02 


^■b 


‘D 


h 

H 

IGE 


n 

N 


r 

R 

rr 


T 


D 


> 

u 

u , n 


V 


Number  of  rotor  blades 
Blade  chord,  ft 

? P 

Rotor  thrust  coefficient,  rotor  thrust/piiR  (fjb) 
Unit  vectors  in  direction  of  incident  laser  beams 
Bragg  cell  offset  frequency  (adjustable) 

Doppler  frequency 

Height  of  rotor  above  ground,  ft 

Skid  height  above  ground,  ft 

In-ground-effect 

Index  of  refraction  of  test  medium  (assumed  n = l) 

Number  of  data  samples 

Out-of-ground-effect 

Radial  coordinate  from  rotor  axis  :R 

Rotor  radius,  ft 

Rotor  thrust,  lbs 

Doppler  period  (T^  = 

Particle  velocity  vector 

Particle  velocity  component  in  plane  ^>f  inol  lent 
beams  and  perpendicular  to  the  bisector  of  t.he 
beams 

Velocity  at  which  fp  = 0 
Local  flow  velocity,  f''. 
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Momentum  induced  velocity  (see  Eq.9),  ips 

Horizontal  and  vertical  flow  velocity  components 
in  the  x,  y,  z coordinate  axis  system;  same  sign 
convention  as  x,  y,  z,  fps 

Flow  velocity  components  in  rocket  trajectory 
coordinate  system  (x^,  yrj.,  Zip);  sign  convention 
is  consistant  with  coordinate  definition,  fps 

Time  averaged  flow  velocity  components  in  rocket 
trajectory  coordinate  system  (xp,  yp,  Zp);  same 
sign  convention  as  v„  , v , v,  , fps 

Xp  yp  Zp 

Hub  centered  axis  system  coordinates  nondimension- 
alized  by  R,  x-y  plane  parallel  to  rotor  tip  path 
plane,  left-handed  coordinate  system  (see  Fig.  U) 

Rocket  trajectory  axis  system  coordinates  non- 
dimensional  i zed  by  R,  centered  at  intersection 
of  axis  of  rocket  laxinch  positions  and  fuselage 
centerline,  left  handed  coordinate  system  with 
positive  Xp  in  direction  of  rocket  travel  (see  Fig.  I4 ) 

Slope  of  frequency-velocity  calibration 

Rocket  launch  attitude,  positive  nose  up,  deg 

Angle  between  incident  laser  beams,  deg 

Wavelength  of  Incident  laser  light 
2 , h 

Air  density,  lb-sec  /ft 
Rotor  solidity,  bc/IIR 

Angle  between  incident  and  collection  directions , deg 

Blade  azimuth  angle  measured  from  negative  x axis, 
positive  in  the  direction  of  rotation,  deg 
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'P.- 

K 


a 


Superscripts 

C) 


( )' 


Additional  Subscri>its 


( 

( 

( 


( 


) 


hEF 


( 


) 


TIP 


{ ).p 


( 

( 


Kikau 


Blade  azimuth  angle  relative  to  plane  of  smoke,  deg 

Wake  azimuth  angle  (wage  age  related  to  blade 
roto.tlon),  deg 

Rotor  rotational  frequency,  rad/sec 

Average  oi'  mean  value 
RMS  value 

Average 

Value  for  ith  segment  of  t 
Value  for  jtli  data  sample 
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WIND  SENSOR  LOCATIONS 


Figure  5.  Schematic  of  Test  Wind  Sensor  Locations  Scaled  Relative 
Mode]  and  Full-Scale  AH-IG  Fuselage. 
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Figure  Ih.  Structure  of  Hovering  Rotor  Wake  from  One  Blade. 
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Figure  15-  Computer  Analysis  Hovering  Rotor  Wake  Representation  for 
One  Blade . 
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data  at  SPECIFIED  AZIMUTHS 


Figure  32.  Tip  Vortex  Coordinates  for  Isolated  Rotor 
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FigLLre  35-  Schematic  of  Laser  Velocimeter  Dual -Scatter  Transmitting  Optics. 
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(a)  PHOTOMULTIPLIER  SIGNAL 


(b)  PROCESSED  SIGNAL 


Figure  37.  Laser  Velocimeter  Signals. 
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ROCKET  trajectory  NO  4 , Vt  = 0.22  , T * 7 DEG 

(TRANSFORMED  FROM 
TEST  CONFIGURATION:  ROTOR 

TEST  CONDITION:  £iR  - 497  FPS  SCALED  TO  746  FPS 
Cj  * 0.00472  ± 2% 

SIMULATED  GROUND  HT  = co  (OGE) 
VELOCITY  SCALE  FACTOR  1,5 


• DATA  INCOMPLETE 
(NEAR  TIP  VORTEX) 


POSITION  ALONG  ROCKET  TRAJECTORY,  xj 


Figure  h2.  Variation  of  the  Tine-Average  an<3  Peaks  of  the  Scaled  Flov 
Velocity  Component  at  Rocket  Tra.iectory  No.  (Trans formed  Fror 
y-p  = 0)  For  the  Isolated  Rotor  Configuration  and  Reference 
Condi t ion. 
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(TRANSFORMED  FROM  Vt^OI 
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TEST  CONDITION:  OR  - 497  FPS  SCALED  TO  746  FPS 

Cj  - 0.0047212% 

SIMULATED  GROUND  HT  = oo  (OGEI 
VELOCITY  SCALE  FACTOR:  1.6 


Figure  1*3.  Variation  of  the  Time-Average  and  Peaks  of  the  Scaled  Flow 
Velocity  Component  at  Rocket  Trajectory  No.  1*  (Transformed  From 
V = O)  For  the  Isolated  Rotor  Configuration  and  Reference 

M rr*  ' 

Condition  in  Vicinity  of  Wake  Boundary. 
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ROCKET  TRAJECTORY  NO.  3 , Vj  ' 0.16  , 7 - 7DEG 

(TRANSFORMED  FROM  Vt  = 01 
TEST  CONFIGURATION:  ROTOR 

TEST  CONDITION:  iiR  = 497  FPS  SCALED  TO  746  FPS 
C-r  * 0.00472  ± 2% 

SIMULATED  SKID  HT  = co  (OGE) 


VELOCITY  SCALE  FACTOR  1.5 
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Figure  Variation  of  the  Time-Average  and  Peaks  of  the  Scaled  Velocity 
Component  at  Rocket  Trajectory  No.  3 (Transformed  From  y>p  = O)  For 
The  Isolated  Rotor  Configruation  and  Reference  Condition. 
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TEST  CONDITION  OR  - 497  FPS  SCALED  TO  746  FPS 
C-r  - 0.00472  + 2% 

SIMULATED  SKID  HT  - x (OGE) 


VELOCITY  SCALE  FACTOR  1.5 
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Figure  liT.  Variation  of  the  Time-Average  and  Peaks  of  the  Scaled  Flow 
Velocity  Component  at  Rocket  Trajectory  No.  3 for  the  Rotor- 
Fuselage  Configuration  and  Reference  Condition. 
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POSITION  ALONG  ROCKET  TRAJECTORY,  xy 


on  of  the  Time-Average  and  Peaks  oi  the  Scaled  Plov 
y Component  at  Rocket  Tra,1ectory  No.  2 for  the  Reference 
[ration  and  Reference  Condition. 
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POSITION  ALONG  ROCKET  TRAJECTORY,  xj 


Figure  51*  Variation  of  the  Tine-Average  and  Peaks  of  The  Scaled  Flow 

Velocity  Conpcnent  at  Pocket  Trajectory  No.  3 and  the  Component 

at  Trajectory  Nos.  2 and  3 for  the  Reference  Configuration  and 
Reference  Condition. 


77  00  214  9 


131 


.e-Averape  ai 
t Rocket  Tri 
cferei:ce  Coik 


n 


( AVG  & PTP),  FPS 


ROCKET  TRAJECTORY  NO.  4 , y-^  - 0.22  ,7“  VOEG 

TEST  CONFIGURATION;  ROTOR,  FUSELAGE  W/MODI  FI  ED  CANOPY,  WING 
TEST  CONDITION:  DR  - 497  FPS  SCALED  TO  746  FPS 
Cj  * 0.00472  + 2% 
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Figure  53.  Variation  of  the  Tine-Average  and  Peaks  of  the  Scaled  Flov 
Velocity  Component  at  Rocket  Trajectory  No.  for  the  Modified 
Canopy  Configuration  and  Reference  Condition. 
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ROCKET  TRAJECTORY  NO.  4 , • q.22  . 7 - 7 DEG 

TEST  CONFIGURATION  HOTOR,  FUSELAGE,  WING 
TEST  CONDITION  DR  - 497  FPS  SCALED  TO  746  FPS 

Cj  - 0.00354  + 2%  SCALED  TO  0.00472 
SIMULATED  SKID  HT  = oo  (OGEI 


VELOCITY  SCALE  FACTOR  1.73 
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Figure  55.  Variation  of  the  Time-Average  and  Peaks  of  the  Scaled  v^ij,  Flow 
Velocity  Component  at  Rocket  Trajectory  No.  I for  the  Reference 
Configuration  and  Modified  Thrust  Condition. 
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Figure  63.  Effect  of  Rocket  Trajectory  Location  and  Transformation  of  Data 
From  yip  = 0 On  the  Scaled  Time-Averaged  Velocity  Component 
for  the  Isolated  Rotor  and  Reference  Condition. 
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Figure  65.  Effect  of  Rocket  Attitude  Variation  on  the  Sca.*ed  Tirae-Average 
Velocity  Component  for  the  Reference  Configuration  and 
Condition. 
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Fii^ure  66.  Comparison  Of  the  Scaled  Time-Average  Velocity  Components 

'■'v'T'’  Reference  Configuration  and  Ccnditior 
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Figure  6?.  Effect  of  the  Modified  Canopy  on  the  Scaled  Tir.e-Averare 

Velocity  Component  at  Two  Rocket  Trajectories  for  the  Reference 
Condition. 
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Figure  69.  Comparison  of  the  Time-Average  Velocity  Component  of  the 
Modified  Tip  Speed  and  Reference  Conditions  at  TVo  Rocket 
Trajectories  Wiien  Scaled  to  the  Same  (Full-Scale)  '’.ij'  Speed. 
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ipure  70.  Ground  Effect  on  the  Scaled  Time-Averaged  V.O  city  Component 
at  Tw  ) Pocket  Trajectories  for  Various  Skid  iieifhts  Above  Ground. 
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Fir  in  72.  Sealed  Time-Average  Data  at  Sia  Wind  Sensor  Locations  Asi  If 
of  the  Canopy  for  Three  Configurations  and  tlie  Reference 
Condition. 
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Figure  73.  Scaled  Time-Average  Data  at  Six  Wind  Sensor  Locations  Aside 

of  the  Canopy  for  Tliree  Conf igurat ions  and  the  Kef-'rence  Condition. 
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Figure  77.  Comparison  of  Model  and  Full-Scale  AH-IG  Theoretical  Results  with 
Model  LV  Data  for  (AVG)  at  Rocket  Trajectory  No.  for  the 
Isolated  Rotor,  Reference  Condition. 
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Fi.rire  80.  Comparison  of  Model  Rotor  Theoretical  Results  with  iModel  Rotor- 
Fuselage-Wing  (Reference  Configuration)  LV  Data  for  (AVu ) 
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